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Coal is a sedimentary rock accumulated as peat and composed principally
of macerals, subordinately of minerals, and containing water and gases in submicro-
scopic pores. Macerals (mas' er - als) are organic substances derived from plant
tissues and exudates that have been variably subjected to decay, incorporated into
sedimentary strata, and then compacted, hardened, and chemically altered by natural
(geological) processes.

Coal is not a uniform mixture of carbon, hydrogen, oxygen, sulfur, and
minor proportions of other elements; nor is it, as is often implied, simply a uni-
form, polyaromatic, "polymeric" substance. Rather, it is an aggregate of micro-
scopically distinguishable, physically distinctive, and chemically different macerals
and minerals.

Coal is analogous to a fruitcake, formed initially as a mixture of
diverse ingredients, then "baked" to a product that is visibly heterogeneous.
The heterogeneous nature of coal is evident in Figure 1, a photomicrograph of a
polished surface of a piece of typical coal. The different macerals reflect
different proportions of incident light and are therefore distinguished as discrete
areas exhibiting different shades of gray. It should be evident that any attempt
to characterize the chemical structure of this coal without recognizing the organi-
zation of the elements and molecules into discrete substances would be like trying
to describe the essence of a fruitcake by grinding it up and analyzing its elemen-
tal composition.

The heterogeneity of coal, exemplified by Figure 1, is inherited from the
diversity of source materials which accumulated in a peat swamp. Coals may be
compared, contrasted and classified on the basis of variations in the proportions
of these microscopically identifiable components. Such a classification is
referred to as a classification according to type. Coals may also be classified
according to how severely geological alteration processes, referred to collectively
as metamorphism, have affected their properties. This is classification according
to rank. These two classification methods are independent and orthogonal; there-
fore, within certain limits, any type of coal can be found at any rank.

Classification according to type involves the relative proportions of both
the inorganic substances and the different organic substances. Because only the
organic material is altered by metamorphic processes, rank classification is
independent of 1inorganic content. Inorganic material is significant in commer-
cial uses of coal, and its presence must be accounted for in scientific studies.
The present discussion, however, concentrates on the properties of the organic
substances, because only the organic macerals make coal the valuable materia! that
it is.

In Figure 1, selected areas are identified as vitrinite, liptinite,
and inertinite. These terms refer to the three major classes of macerals recog-
nizable in all ranks of coal except those of the highest ranks. A few of the more
significant features of these major classes of macerals and of their more important
subclasses are summarized in Figure 2. It can be seen from Figure 2 that the
differentiation of coals according to type, viz. according to the -content of
materials assignable to each of the maceral classes, is really.a differentiation
according to the ingredients which initially accumulated as peat to form that coal.
Although the rank scale according to ASTM has been arbitrarily divided, and
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specific segments .have been identified by an epithet (i.e., lignitic, bituminous,
anthracitic coals), there are no such well-recognized classes of coal types.

In this sense, there is essentially a continuous series of coals of
different types, defined by microscopic quantification of their maceral (and mineral)
contents. Particles of crushed coal, when cemented together as a solid block with a
catalytically solidified resin or plastic, can be polished and examined microscop-
ically. Individual particles derived from different layers of a coal seam, may
differ significantly in maceral and mineral contents. Recognition of this feature
has led to the concept of the microlithotype, wherein each particle can be classified
according to its maceral content. In this procedure, arbitrary classes of particles
are recognized according to specific maceral proportions as shown in Table 1. It is
important that the scientist or technologist recognize that particles of the
different microlithotypes are likely to perform quite dissimilarly when analyzed or
processed; therefore, coals must be sampled carefully to prevent the selection
of non-representative particles.

Each of the materials recognized as belonging to a specific maceral class
{according to the criteria shown in Figure 2) has physical and chemical properties
that depend upon its composition in the peat-swamp and the effects of subsequent
metamorphic alteration. Thus, for instance, in all coals there is material derived
from the structural tissues ("wood") of plants. These “"woody" substances (lignin,
cellulose) are the dominant components of plants, and hence their derivatives
dominate in typical coals. In the peat swamp, some of the woody tissues may have
been pyrolyzed by fire, forming a carbon rich char recognized as fusinite in the
coal. In some coal layers, this may be the dominant maceral, and such layers would
be referred to as fusinite-rich types of coal.

Much more commonly, though, the woody tissues accumulated below a water
covering where 1mperfectly understood, largely microbiological processes converted
them to humic substances of somewhat variable composition. These humic substances
were Subsequently altered by metamorphic processes (heat, pressure) into substances
classifiable as one of the vitrinite macerals. Therefore, the physical and chemical
properties of the vitrinitic materials in a specific coal were largely conditioned by
the magnitude of temperature and pressure to which they were subjected after burial.
Thus, one could say that the properties of the macerals in a given coal reflect the
rank of the coal; or more correctly, one should say that the rank of the coal
reflects the properties of macerals as conditioned by the severity of the metamorphic
processes to which the coal was subjected.

One of the properties of macerals that changes progressively with metamor-
phic severity is the microscopically measurable reflectance of polished surfaces.
Using a sensitive photomultiplier cell mounted on a microscope, it is possible to
measure objectively the absolute percentage of incident light reflected from very
small areas ( 5wm diameter) of polished coal surfaces. In Figure 3 is shown a series
of reflectance distributions, each representing a sampling of the material in a coal
of the rank indicated. These distributions are arbitrarily constructed to show what
would happen to a given peat if it were to be subjected to increasingly more severe
metamorphism. Recognize, of course, that these are "slices" through a continuum, and
that no jump from rank to rank 1is implied. Properties such as carbon content,
oxygen content, degree of aromaticity, and many others, could be substituted for the
ref lectance scale and a similar sort of picture would emerge. In Table 2, some
typical values are shown for selected properties of vitrinite macerals in different
rank coals. In .Table 3, a number of the properties of non-vitrinite macerals are
compared to those of vitrinite from coal of the same rank.

Typical U.S. coals are relatively vitrinite-rich, therefore analyses
of whole coals, when appropriately corrected for inorganic content, reflect, to &
first approximation, the composition and properties of the included vitrinite. For
this reason, the parameters employed to classify coals according to rank, reflect the
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rank (stage of metamorphic development) of the vitrinite. Calorific values or
fixed carbon yields are calculated to a so-called mineral-matter-free basis for
use in the ASTM classification of coals according to rank {(1). It is essentially
impossible to obtain inorganic-free samples; therefore, to represent organic matter
accurately in comparative studies of any of the organic properties of coal, analyt-
ical data must be converted to an inorganic-free basis. Commonly, a dry, ash-free
(DAF*) basis is employed. It is preferable, however, to convert to a dry, mineral-
matter-free (DMMF) basis, as discussed by Given and Yarzab (2). In fact, the
most meaningful assessment of coal rank or of the properties of coals of different
ranks should be done with samples of concentrated vitrinite or on samples where the
vitrinite comprises more that about 80% of the organic fraction. Because reflectance
is closely correlative with many rank-sensitive properties and its determination can
be made on vitrinite alone, .it has become a widely accepted parameter to designate
the rank of a coal (see Figure 4). Unfortunately, even when a reflectance value is
available, it may not be reported in scientific publications. I strongly recommend
that petrographic analyses and vitrinite reflectance be reported for samples on which
structural studies are conducted.

Although many properties of vitrinites appear to change in a more or
less parallel fashion as a result of metamorphism, there is considerable scatter in
their correlation. Figure 5 is offered as evidence of this contention. The data
plotted in Figure 5 are from coals containing more than 80% vitrinite on a DMMF basis
(3). It is obvious that the progression from high to low H/C and 0/C values reflects
the influence of more severe metamorphic alteration; in other words coals toward the
lower H/C and 0/C end of the band are are higher rank. However, the fact that the
data do form a band, rather than a linear progression, implies that there is not a
simple scale which defines the rank progression. As Given and his co-workers have so
eloquently shown, the geological/geographical disposition of U.S. coals appears to
exert some, as yet undefined, influence on the intercorrelations of coal properties

(4).

Clearly, neither geology nor geography are coal properties and hence
cannot be "measured". Different source materials, depositional conditions (including
especially sulfur availability), and time/temperature/pressure conditions during
metamorphism, interacted so as to provide a multitude of potential paths which
different coals (or even vitrinites in different coals) followed to their present
condition. In other words, the concept of a single rank progression is more fallacy
than fact. ) ’

As unifying, underlying concepts, type and rank certainly can be validly
employed to envision why coals have the properties that they do. However, it is time
for a re-evaluation of coal classification concepts. How can we measure rank when we
analyze coals of different types and when there is no simple rank progression even
when vitrinite or vitrinite-rich coals are compared? And how can we assess type when
maceral identification criteria are highly subjective, except for reflectance
measurements that routinely are not even applied to the liptinite and highly variable
inertinite macerals? And, finally, how can coals be classified scientifically when
empirical and derived properties like calorific value and fixed carbon yield are
employed as classifying parameters?

A scientific classification should be based first on the fundamental
properties of the vitrinite in coals. This means, at the very least that element
concentrations and molecular structure configuations must be assessed. The
structural properties of most importance to classification and process responses

*Not 'MAF', which is often unfortunately used as an abbreviation for moisture-and-
ash-free.
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appear to be: (1) the nature of hydrogen bonding and physical entanglement that
cohere molecular mojeties, (2) the nature of cyclical structures (e.g., ring con-
densation index, aromaticity, heteroatoms }, (3) amount and distribution of hydro-
aromatic hydro?en, (4) scissle bridging structure (e.g., ether, sulfides, poly-

methylenes), (5) functional group characteristics (esp. oxygen - and sulfur-
containing), and (6) organic/inorganic interactions. To develop the basis of a
scientific classification, these determinations need to be made on a large number
of vitrinite-rich coal samples spanning a wide range of rank. Because coals are
sensitive to oxidation and moisture changes during handling, these samples must be
carefully collected, prepared and preserved.

It is fairly evident that because of the complex interactions of
depositionally-influenced and metamorphically-influenced properties, the fundamental
chemical/structural properties will need to be related to each other in a complex
statistical fashion. A multivariate correlation matrix such as that pioneered by
Waddell (5) appears to be an absolute requirement. However, characterization para-
meters far more sophisticated than those employed by Waddell are required. One
can hope that, as correlations between parameters become evident, certain key
properties will be discovered which will allow coal scientists and technologists to
identify and to classify vitrinites uniquely. Certain optical properties might prove
valuable in this respect. It would then not be necessary for every laboratory to
have super-sophisticated analytical equipment at its disposal in order to classify a
coal properly. By properly identifying/classifying the vitrinite in a coal, one
could then estimate accurately the many other vitrinite properties available in the
multivariate correlation matrix.

0f course, elucidation of vitrinite properties and establishment of
unique vitrinite class identifiers would not solve all of the problems of coal
classification. Further work needs to be done to characterize the inorganic
materials in coals, especially developing simple tests for quantification of
inorganic species.

Once vitrinites could be properly identified and classified, then it
would be necessary to characterize and to identify uniquely the members of the
other maceral classes. It is probable that liptinite properties change in some
fashion correlative with the changes wrought by metamorphism on vitrinite. There-
fore, classification of vitrinite would automatically classify liptinite. Whether
inertinite changes with rank 1is uncertain; but it is certain that far better dif-
ferentiation of fusinites needs to be employed for it is evident that fusinite
ref lectance values span wide ranges in a given coal.

A multivariate vitrinite classification, supplemented by information
about the inorganic matter and the proportions and properties of associated macerals,
would be of little value if it could not be used to predict the response of a given
coal in a processing system and thereby provide an estimate of the value of that
coal. Consequently, it will be necessary to relate the scientific classification to
the responses of coals in such processes as pyrolysis, liquefaction, gasification,
combustion, and coke-making. This can only be done by relating the fundamental,
classifying properties to empirically determined processing responses on a substan-
tial number of samples. Again, they should be vitrinite-rich and cover a broad range
of ranks.

Only through the conduct of an integrated program more or less along
the lines that I have outlined is Coal Science ever going to move out of the
era of the 1950's where it is now mired. The scattered probes of coal struc-
tural properties on a bewildering range of poorly selected, poorly collected,
poorly prepared, poorly preserved and poorly characterized coal samples will
lead us only into further confusion. Progress in Coal Science can only be made
when scientific and technological investigations on coal result in a comprehensive
integration and synthesis of data and information. The essence of science is
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"the reduction of the bewildering diversity of unique events to manageable
uniformity within one of a number of symbol systems" (6). Present investigations
of coal structure hardly conform to that definition today, and therefore hardly
deserve the epithet of Coal Science.
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TABLE 1. CLASSIFICATION OF MICROLITHOTYPES

Microlithotype Maceral Volume Percent
Vitrite Vitrinite (V) > 95%
Monomaceralic Liptite Liptinite (L) > 952
Inertite Inertinite (I) > 95%
Clarite V+L > 95%
Bimaceralic Vitrinertite V+1 > 95%
Durite I+1L > 95%
Duroclarite V+I1+1L Vs> (T +L)
Trimaceralic Clarodurite V+I+1L I>(L+V)
Vitrinertoliptite V+1+1L L>(I+v)
Carbominerite V, L, I and MM > 20%, < 60%
Mineral Matter (MM)
TABLE 2. SELECTED PROPERTIES OF VITRINITES IN
COALS OF DIFFERENT RANKS
Lig. Sub-Bit. Bit. Anth,
Moisture Capacity, Wt.% 40 25 10 <5
Carhon, Wt.% DMMF 69 74.6 - 83 94
Hydrogen, Wt.% DMMF 5.0 5.1 5.5 3.0
Oxygen, Wt.% DMMF 24 18.5 - 10 2.5
Vol. Mat.! Wt.% DMMF 53 48 38 6
Aromatic C/Total C 0.7 0.78 0.84 1.0
Density (He, g/cc) 1.43 1.39 1.30 1.5
Grindability (Hardgrove) 48 51 61 40
Btu/1b, DMMF 11,600 12,700 14,700 15,200

OMMF = Dry, Mineral-matter-free basis. These are typical
values for rank classification, Sulfur and nitrogen are
rank-independent and not shown,
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TABLE 3. PROPERTIES OF MACERALS COMPARED TO VITRINITE IN SAME COAL
(Subbituminous and High-Volatile Bituminous Only)

Magnitude of property greater than (>), less than (<), or

equal to (=) that of associated vitrinite.

Inertinite

Semi-
Fusinite

Fusinite

Micrinite

Exinite

Optical Properties

Reflectance
Fluorescence

Chemical Structure

Basic carbon structure
Molecular weight
H/C ratio

H aliphatic/H total;-CHy;
hydroaromaticity

Fraction aromatic C; rings/uhit
OxygenOH/OxygenTota]

Unpaired spins by ESR

Unpaired spins of fusinite

with same carbon as vitrinite

Reactivity

Methane sorption
Decomposition temperature
Oxidizability
Reduction with Li in EtDA

)
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FIGURE 2. PRINCIPAL MACERAL CLASSES

SOURCE FATE iN METAMORPHIC MACERAL MACERAL MICROSCOPIC IDENT.
MATERI AL PEAT_SWAMP EFFECTS SUBCLASS CLASS CRITERIA { POLISHED)

Protein——e» Decomposes
(Contributes N}

Deaxygenated
Humified ————— ¢ Dehydrogenated ) ——# Vitrinite Vitrinite Dominates, gray-white
*Wood" Aromatized
{Lignin L .
. - 7 > I
Ceflulose} Charred ? Fusinite } inertinite Angular, cellular, bright
Decomposed - 7 / Micrinite ——— Fine grained, bright
**Bitumenized" = " Bitumen*'
Exines —— Inc Dehydrog; i . I X N .
lAremalized ]—» Exinite — Liptinite Thin strips, dark

Resins ——w»{ncorporated —————a 7  ——— Resinite Spherical, dark”

* In Low-Vol Bituminous and Anthracites, Liptinite | ndistinguishable trom Vitrinite

FIGURE 3. REFLECTANCE DISTRIBUTION OF MACERALS IN TYPICAL COALS

B LiPTINITE
J VITRINITE
INERTINITE
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FIGURE 4. CORRELATION OF REFLECTANCE OF VITRINITE
AND CARBON CONTENT OF COALS. DATA FROM REF. 3
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NATURE OF THE FREE RADICALS IN COALS, PYROLYZED COALS,
AND LIQUEFACTION PRODUCTS

H. L. Retcofsky, M. R. Hough

Pittsburgh Energy Technology Center, U. S. Department of Energy
4800 Forbes Avenue, Pittsburgh, PA 15213

R. B. Clarkson

Varian Associates, Instrument Division
611 Hansen Way, Palo Alto, CA 94303

Electron spin resonance (ESR) spectrometry has been the favored instrumental tool
to probe the nature of the free radicals in coals and materials derived from coal
(1). Recently, it was shown that these free radicals are also amenable to study by
electron nuclear double resonance (ENDOR) spectrometry (2,3). The ENDOR technique
1s becoming increasingly popular in free radical studies because frequently the
resulting spectra are much more highly resolved than corresponding ESR spectra of
the same materials (4).

As a first step toward elucidating the role of free radicals in the liquefaction of
coal, the stable radicals present in coals, pyrolyzed coals, and liquefaction
products require characterization. 1In the present characterization study we have
applied both the ESR and ENDOR techniques. For many of the samples examined, it
was found that great care must be taken during sample preparation to ensure relia-
bility of the spectral data.

Coals. ESR measurements on non—anthracitiec and young anthracitic coals can be made
with little difficulty. It is best to evacuate the samples since it has been shown
that the ESR spectra of fusains, petrographic constituents found in nearly all
coals, are quite sensitive to the presence or absence of air (oxygen) in the sample
(5). Contrary to other evidence in this report (5), high rank anthracites and
meta-anthracites do require dilution of the samples with a non-conducting medium to
prevent errors in ESR measurements§ due to microwave skin effects. For example, the
ESR intensity of a meta-anthracite from Iron County, Michigan increased signifi-
cantly rather than decreased after the sample was diluted with KBr.

For non-anthracitic coals, the observed variation of the ESR g value with coal rank
suggested that the naturally occurring radicals in coals become more "hydrocarbon-
like" as coalification progresses (6). Evidence supporting this hypothesis is
depicted in Figure 1. The plot of ESR g values vs oxygen contents of the coals
suggests that the unpaired electrons in low rank coals interact with oxygen atoms
in the sample. Statistical treatment of the data revealed that the g values of
only two of the coals fall outside the area bounded by the dashed lines drawn +
twice the standard error of estimate from the linear regression line. These two
coals are somewhat unique in that they contain an usually high content of organic
sulfur (7). 1In the second plot of Figure 1, the abscissa has been changed to re~
flect the sum of the oxygen and sulfur contents of the coals, (each element being
weighted according to its spin-orbit coupling constant). This latter plot exhibits
much better statistics, suggesting that the unpaired electrons interact with sulfur
as well as with oxygen. Attempts to extend the statistical treatment to nitrogen
in the samples were inconclusive.

Pyrolyzed Coalg. A number of investigators have applied ESR techniques to pyro-
lyzed coals (1). At least two groups of investigators (8,9) have reported g values
less than that of the free electron for certain coals heated to commonly used
liquefaction temperatures. One group (9) attributed these low g values to the
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presence of sigma radicals. During the present lnvestigation, we observed a simi-
lar g value dependence with heat-treatment temperature for hvAb coal from the
Ireland Mine (Pittsburgh bed) in West Virginia.

It had been shown previously (10) that incorrect ESR g values were obtained for
heat-treated sucrose if proper dispersal techniques were not used. With this in
mind, we measured the effect of sample dilution on the apparent g value of Ireland
Mine coal heat-treated to 450°C. The results, shown in Figure 2, show that the
true g value of the sample in question is actually higher than that of the free
electron. This suggests that great care must be exercised when applying ESR tech-
niques to heat-treated coals. This problem will undoubtedly present some obstacles
to the in situ ESR studies of coal pyrolysis and coal liquefaction planned by many
laboratories.

Liquefaction Products. A few ESR studies of liquefaction products from coal have
been reported (6,11,12). One group of investigators (6) concluded from ESR studies
of coal-derived asphaltenes that charge-transfer interactions are relatively unim-
portant binding forces between the acid/neutral and base components.

ESR results from our on-going efforts to elucidate the changes in chemical struc-
ture that occur during coal liquefaction are given in Table 1. The samples exam—
ined were obtained from a liquefaction run in the Pittsburgh Energy Technology
Center's 10 1b coal/hr process development unit (13). The run was made without
added catalyst. The samples included the process coal and its pyridine extract,
and the preasphaltenes, asphaltenes, and oils separated from the centrifuged liquid
product. It can be seen that the free radical contents change in the order:
process coal < preasphaltenes >> asphaltenes > oils. The g values suggest the
presence of "hydrocarbon-like" radicals with perhaps some interaction between the
unpaired electrons and heteroatoms in the asphaltene and oil fractions. The line
widths appear to increase (at least crudely) with increasing hydrogen contents of
the samples.,

ENDOR Studies. In contrast to the ESR spectra of coals, which generally consist of
a single line devoild of any resolvable fine structure due to hyperfine interac-
tions, the ENDOR spectra (at least in the present study) are rich in detail (Figure
3). These results are quite surprising in light of spectra published several
months ago which showed only a single band at the so-called free proton frequency
(2). In an attempt to experimentally deduce the reasons for this apparent dis-
crepancy of results, we found a reversible effect of air (oxygen) on the ENDOR
spectrum, i.e., the hyperfine lines were observed for evacuated samples, but dis-
appeared upon admission of air to the samples.

The fact that an ENDOR spectrum is observed under the experimental conditions
employed is unambiguous proof that the unpaired electrons in the coal couple with
nuclear spins, undoubtedly protons, in the sample. This provides additional sup-
port for the free radical interpretation of the ESR spectrum. The magnitude of the
hyperfine interactions, i.e., nome greater than 10 gauss, indicates that none of
the radicals has a high unpaired electron spin density at a particular carbon atom.
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Table 1.

MAF Analysis, %
C

H

ESR Data

Free Spins/Gram

g value

Linewidth, gauss

i,

2/

a determined by cross—polarization

-—-fa determined by high-resolution

MAF analyses, carbon aromaticities, and electron spin resonance
data for materials produced from the liquefaction of West Virginia
(Ireland Mine) hvAb coal in the Pittsburgh Energy Technology
Center's 10 1b coal/hr process development unit.

COAL PREASPHALTENES ~ ASPHALTENES 0ILS
Solid Pyridine
Coal Extract
78.5 81.7 86.9 87.3 86.6
5.6 5.9 5.1 6.3 8.2
9.7 8.0 4.8 3.6 3.3
1.2 1.9 2.2 2.0 1.2
4,9, 2.6 0.9 0.9 0.7
0.76% 0.73%/ 0.8 0.77% 0.63%
1. 4x10"? 9.0x1018 2.0x10%° 2. 4x1018 9.4x10%7
2.0027, 2.0031, 2.0027, 2.0032 2.0030,
5.9 5.7 6.6 7.3 8.7
13 .
L3¢ #r o,
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A Tenative Identification of Average Aromatic Ring
Size in an Jowa Vitrain and a Virginia Vitrain’

B. C. Gerstein, L. M. Ryan, and P. Dubois Murphy

Ames Laboratory, U. S. Department of Energy, and
Department of Chemistry, Iowa State University
Ames, Iowa 50011

Introduction

A knowledge of the average aromatic ring size in coals is useful not only in indi-
cating the appropriate chemistry one might use for conversion to fuel oil, but also
as an indicator of possible physiological effects of contact with coals and coal prod-
ucts. In principle, NMR offers the capability of a direct determination of average
ring size via an identification of the fractions of 13¢ and 1H in coals. Three factors
prevent use of conventional NMR for this purpose in solid coals. The first is the
effect of homonuclear and heteronuclear dipolar interactions which lead to linewidths
of hundreds of ppm for both 1H and 13C in solid coals{l@b). The second is the fact
that even in the absence of dipolar broadening, chemical shift anisotropies of I can
be as large as 34 ppm for, e.g. the single species 14 in H,O(s), such that a ran-
domly oriented solid sample containing many protons in different chemical environ-
ments would exhibit an NMR spectrum in which individual protons could not be easily
identified. A similar statement applies to NMR spectra of 13¢C in solids. A third
factor peculiar to coals is the possibility of an enormous number of chemically
shifted species of a given nucleus, leading to NMR spectra which are still severely
overlapping in the absence of broadening due to dipolar and chemical shift interactions.

In the present work, cross olarization to enhance sens1tivity(3) combined with
strong heteronuclear decoupling(‘}})and magic angle spinning to remove heteronuclear
dipolar broadening and chemical shift anisotropy broadening are used to distinguish
aliphatic from aromatic 13¢ in Pocahontas #4 vitrain, and Star vitrain. Combined
rotation and multiple pulse (NMR) spectroscopy (CR_AMPS)(é) are similarly used to
narrow NMR spectra of IH in these coals. The ratios of aliphatic to aromatic IH and
13C thus inferred are used to estimate an average aromatic ring size in the samples
investigated.

Experimental

The NMR spectrometer used for determinations of spectra of both 1H and 13C has
previously been described, (1a) a5 have the probes used for magic angle spinning(7: 8).
The Virginia coal 'Pocahontas #4'"was supplied by H. L. Retcofsky of the Pittsburgh
Energy Research center of the U.S. Department of Energy. A vitrain portion of the
Iowa coal 'Star''was supplied by Dr. D. L. Biggs of the Iowa State University De-
partment of Earth Sciences and the Ames Laboratory of the U. S. Department of
Energy. The coals were analyzed for major constituents and free radical content as
previously reported. (1) Results of these analyses are given in Table I.

Results .

The high resolution solid state spectra of 13C in both coals are shown in Figurel.
The high resolution solid state spectrum of 14 in 2,6 dimethylbemzoic acid is shown in
Figure 2, as an indication of the resolution available with cquipment used in the pres-
ent experiments. The high resolution solid state spectra of 1H in both coals arc
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" more 'grapnitized" material. A bit of reflection,

shown in Figures 3 and 4. Also indicated in Figures 2 ~ 4 are the Lorentzian
lines used to approximate the total experimental spectra, indicated by crosses
(+), and the sum of these lines indicated by the smooth curve through the
experimental points.

The mole ratios of aromatic hydrogen to aromatic carbon implied by the
elemental analyses given in Table I, and the fractions of aromatic to total hydrogen
and carbon calculated from the results of estimating the integrated areas
asgociated with these species as shown in Figures 2 - 4 yield the following
values for (Hp,/Cp,): Pocahontas #4, 0.53; Star, 0.40. At first thought, these
numbers seem a bit surprising, because Pocahontas, having the higher carbon content,
is an older coal, and one would expect a larger ring size to correspond to the
as illustrated by the entries

in Table I1, might help to remove the ambiguity.

TABLE 1

Elemental analyses, Wt/ (maf), free radical concentration, and fractions
of aromatic hydrogen and carbon.

o . -1 .~19 Ar A
SAMPLE % C W %N %5 [e'd, spins g 'x10  ° o er
Pocahontas #4 90.3(2) 4.43(4) 1.28 0.85 4 0.86 0.77
Vitrain
Star Vitrain 77.0(1) 6.04(4) 1.17(14) 5.02 1.6 0.71 0.31
a

Determination made on unheated sample

Table II
Average aromatic ring size as a function of HAr/CAr and connectivity
S (00 e ol0]
0.33  0.70 ‘:' ‘:’ ‘:,
RO ce @.
0.67 O
OO

0.60 \@?v

0.41




The point to be made from Table II is that the average aromatic ring
gize inferred from the aromatic hydrogen to carbon ratios depends a good
deal upon the number of side chains, or functional groups, indicated by
the symbol /N- in Table II , connected to the ring in question, We see that
a value of 0.53 for this ratio is not inconsistent with an average ring size
of three, with two connections per polyaromatic ring. On the other hand, a value
of 0.40 is not inconsistent with an average ring size of two, with four
connections per polyaromatic ring.(but is also not in disagreement with an average
ring size of four to six, as indicated in the fourth column of Table II).
Our present prejudice is that the average polyaromatic hydrocarbon ring size in
the older coal should be greater than that in the younger. With what we feel are
reasonable values for connectivities, we thus infer that the average polyaromatic
hydrocarbon ring size in Pocahontas #4 is no greater than three, and that in
Star no greater than two, the values thus inferred being dependent upon the
assumption that on the average, the younger coal has more aliphatic chains
attached to the rings. Inference from 13C spectra alone yield similar values(9)
One source of error in the above inferences is the fraction aromatic carbon,
since it is known that not all carbon are polarized in cross polarization cxperi-
ments(10), A second most obvious source of error is the accuracy of resolving
the high resolution solid state spectra of protons in these coals. The former
error would tend to increase the ring size on the average, since it is quite
probable that the carbons not seen in cross polarization experiments are in the

neighborhood of stable free radicals, characterized by relatively large polyaromatic

hydrocarbon rings. Relaxation times of protons under the spin locking conditions of
the cross polarization experiments may be sufficiently short to obviate
effective cross polarization. Spin counting of protons with, and without

strong homonuelear decoupling indicates that at least 95% of the protons in

the present samples are being detected under the high resolution solid state
techniques used in the present work.
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Introduction

Many kinds of reactions such as pyrolysis, depolymerization, condensation
occur simultaneously in complicated way when coal and tar pitch are heated over
temperature range from 350°C to 500°C. In order to understand the processes of
coal liquefaction and coal carbonization, it is important to clarify the char-
acteristics of reaction behaviors for coal and tar pitch over the temperature
range.

It is well known that pitch, solvent refined coal {SRC) and coking coal pro- /
duce various kinds of mesophase at the early stages of carbonization [1-3].
The mechanisms of many chemical reactions and physical transformations relating
to mesophase formation are studied by quenching techniques. Such research tech-
niques as polarized light-microscopy and so on can be extremely fruitful. On
the other hand, direct observation of phenomena at reaction temperatures may
yield more easily interpretable or more relevant results. Line shape of NMR cor-
responding to mobility of molecule and/or segment in coal and tar pitch have been
measured at the temperature range of mesophase formation.

No report has been appeared on direct measurement of change of hydrogen
aromaticity (fya) at higher temperature occurring pyrolysis and carbonization.
This paper deals with observation of resolved NMR spectra corresponding to aro-
matic and aliphatic protons at high temperatures in a tar pitch. High resolu-
tion NMR spectra for thermally decomposed polyvinyl chloride were observed by
S. Shimokawa et al. [4] over the temperature range from 350°C to 450°C using the
sanme apparatus at Hokkaido University.

— e ——

Experimental
The experiments were done by using a Bruker Sxp 4-100 pulsed Fourier trans-

form (FT) spectrometer with a high temperature probe and an improved JEOL 3H
electromagnet (0.88T) with a 60 mm gap operating at 36.4 MHz for the !H NMR.

In order to improve the resolution of a spectrum at high temperatures, a home-
built shim system was used {4]. Outlines of the high temperature probe and flow-
ing gas system are illustrated in Fig. 1. The samples as received were heated

in the high temperature probe and NMR spectra were obtained simultaneously. No a1
heat-treatment was done before measurements. Kureha pitch was heated at 10°C min
and the others were heated at 5°C min-1 to various given temperatures under nitro-
gen gas flushing. In the case of the resolved NMR spectra for ethylene tar pitch,
the heating rate employed was 2°C min-1. Characteristics of all samples so far
studied are shown in Table 1.

Results and discussion

Temperature dependence of molecular and/or segmental motion

Representative proton NMR spectra for coals and solvent extracts from coal
are shown in Fig. 2. Apparently, there is no structure in the lines. Increas-
ing temperature produces changes in the spectra. In order to discuss the broad-
ening behavior quantitatively, the values of the 1ine widths at half-height
(AHy/2) were utilized. Temperature dependence of AH1/2 is shown in Fig. 3. It
is obvious that there are three different groups with respect to temperature
dependence of AHy/2. The value of \Hy;2 of the first group to which Taiheiyo
coal belongs decreases and then increases rapidly with increasing temperature.
The behavior of AHy/2 of the second group, Yubarishinko coal and 8-component
(pyridine soluble, chloroform insoluble fraction of a coal [5]) of Yubarishinko
coal, resembles that of the first group, but the curve of AH1;2 is shifted to
higher temperatures. The third group, which includes y-component (pyridine solu-
ble, chloroform soluble fraction of a coal {5]) of Yubarishinko coal, coal tar
pitch and ethylene tar pitch, indicates that the values of AH1/2 remain small over
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a wide temperature range. This suggests that the molecules and/or segments in
them are mobile throughout the temperature range.

The carbonization process at low temperatures has been studied by the method
of polarized-light microscopy. The formation of Tow temperature carbons by soli-
dification from a 1iquid phase proceeds through the separation of an optically
anisotropic mesophase.

Optically anisotropic textures of mesophase from the samples heat-treated
at the early stages of carbonization are classified into five types corresponding
to isotropic, fine mosaic, coarse mosaic, fibrous and domain. It has been found
that there is a close relation between the spin-lattice relaxation time, T7, ob-
served with pulsed FT NMR at room temperature and microstructure of mesophase,
transformed from the parent matrix of coal. That is, the longer the relaxation
time is, the more sufficient the growth of mesophase from the matrix occurs as
shown in Table 1. The parent materials, which give the fibrous/domain texture
at the early stages of carbonization, have the Tongest relaxation time so far as
being described in the table. There is also an excellent relation between the
microstructure of mesophase and the temperature dependence of AH172. The mini-
mum value of the line width at half-height with respect to the temperature depen-
dence of AHj/2 is expressed as AH1/2,min and used for characterization of meso-
phase texture. AH1/2,min of isotropic mesophase is larger than that of coarse or
fibrous/domain mesophase and the temperature of isotropic mesophase corresponding
to AH1/2,min s lower than that of fine mosaic mesophase. The values of 1H1/2
in coarse mosaic or fibrous mesophase keep small over a wide temperature range
(see Fig. 3). But no distinction was observed between coarse mosaic and fibrous
textures concerning the broadening behavior of NMR.

Regarding the concentration of free radicals and the 1ine width, these values
remain almost constant up to about 400°C for coals of different rank [6]. There-
fore, it seems that the contribution of free radicals on the NMR Tine width is
not so important as that of the proton dipole-dipole interaction.

At higher temperatures we estimate the value of T1 following equation,

t=T11n2
where t is the time at the amplitude of the Free Induction Decay (FID) following
the 90° pulse being equal to zero. Pulse sequence used was 180°-1-90° in this
experiment.

Fig. 4 shows the relation between the Ty of ethylene tar pitch and the inverse
of temperature. Tj of ethylene tar pitch has the vaiue of 400 ms at room temper-
ature. It decreases with the increase of temperature, and reaches a minimum
value at about 150°C. As is shown in the figure, T71 has a maximum value of 190 ms
at 340°C, and decreases rapidly with the increase of temperature.

It is clearly marked that the aromaticity of ethylene tar pitch increases
with increase of temperature at 340°C and the formation of mesophase for the
sampie heat-treated becomes observable by an optical microscope. Rotational cor-
relation time for aromatic lamellae, which are stacking parallel each other in
the mesophase, is long due to being in rigid state. Accordingly Ty becomes short.
However, more detailed discussion will be made with further experiments.

NMR 1ine simulation by means of computer

A proton NMR spectrum from Kureha pitch at 450°C (15 min) (a} and a com-
parison of the experimentally observed spectrum with a computer simulated spect-
rum (b) are illustrated in Fig. 5. The spectrum (a) contains considerable in-
tensity in the wings of the line, and the ratio of the width at one-eighth height
to that at one-half height, indicated by the symbol R(8/2), is 6.4 The ratio for
a pure Lorentzian line is 2.64 and for a pure Gaussian line is 1.73 [7]. By means
of computer simulation the NMR line for the mesophase in Kurehapitch is composed
of at Teast three different components, i.e. one Gaussian component with value of
proton spin-spin relaxation time T2=7 microseconds and two Lorentzian components
with those of Tp=210 and 636 microseconds at 36.4 MHz, respectively. The fractions
are also estimated as 0.85, 0.05 and 0.10, respectively. Kureha pitch at the
early stages of carbonization contains 85 percent rigid structures from the view
point of general NMR behavior [8].

In some liquid crystal systems broad partially resolved spectra with little
structure attributed to proton dipole-dipole interaction have been observed [9-11].
On the other hand, such spectra were not observed in this study, so that the
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ordering parameters of the samples employed would be expected to be very small.
This result is compatible with that of ESR study reported by Yamada et al.[12].
Resolved NMR spectra at thermal decomposition temperature

Tn order to improve the resolution at higher temperature, a home-built shim
system was attached with the magnet of NMR spectrometer. Typical *H NMR spectra
for ethylene tar pitch are shown in Fig. 6. On heating at about 84°C, a broad
resonance with no resolved structure becomes observable. And then at about 123°C,
the NMR spectrum shows two discrete lines apparently, 200 Hz apart. That is, the
lines correspond to the resonance due to aromatic and aliphatic protons. Assign-
ment of the two peaks was done by comparing with the ones of a pure compound,
acenaphthylene, which has the value of 0.75 hydrogen aromaticity (fHa). At about
208°C, the NMR spectrum becomes narrow and separately due to the rapid tumbling
of molecule in ethylene tar pitch. This suggests that the molecules exhibit the
random motion similar to that in isotropic solution and the value of the dipolar
tensor over all orientation in them is almost zero in the vicinity of this tem-
perature. However, fine structures due to the protons attached to a, gand vy
carbons refer to aromatic rings were not able to observe at the higher tempera-
tures, because of superposition of protons having various chemical shifts.

The intensity of aliphatic protons is higher than that of aromatic ones up
to 208°C, at which the intensity change is observable. The values of fHa are able
to elucidated from the intensity of the splitted spectra. However, two lines
merge and broaden raising at about 430°C. Heating of the specimen at higher tem-
peratures accelerates the degree of broadening of the spectrum. Therefore, it is
difficult to observe the spectrum in the range of a usual high resolution NMR
sweep width.

The spectrum obtained with a wider sweep width (25kHz) are shown in Fig.

7. For the spectrum in the figure, the ratio of the width at one-eight height

to that at one-half height, indicated by the symbol R(8/2), is 7.0. This line
shape is designated as "Super Lorentzian" [13] which contains considerable inten-
sity in the wings of the line. After the measurement of the NMR spectra at 470°C,
the samp1e was 1mmediatg1y quenched to room temperature and observed by polarized
l;g?é-mlcroscopy. And it was confirmed that the bulk mesophase was produced at

When a magnetic field is applied, it is known that the direction of align-
ment of c-axes of mesophase spherules is aligned perpendicular to that of the
Tagn$t1c f1e1d by 1nterqctiqg magnetjc anisotropy of polycondensed aromatic mo-

ecules w1£h the magnetic f1g1d applied [14]. On heating of ethylene tar pitch
beyond 430°C in a magnetic field, a dipolar tensor is only partially averaged

due to 1es§ chaotic molecular motion in a magnetic field. Resulting line becomes
broaq but is not as brgad as so]iq. The structure of the mesophase produced in
an NMR magnetic field is more rigid than that of isotropic liquid.

Table 2 summerizes range of sweep width for various NMR type at 36.4 MHz of
resongnce Irequency. Generally, the sweep width of broad line NMR is the order
of 107 V10° Hz, while that of high resolution NMR is about 10°Hz at 36.4 MHz
fgr a proton: Bgt the NMR spectrum of the mesophase obtained from ethylene tar
pitch shown in Fig. 7 was swept over 2.5x10* Hz. Thus, the sweep width of
the NMR'spectrum for the carbonaceous mesophase is intermediate between those of
broad line NMR and high resolution NMR. It seems that the result is supported
gyai?gfuozta;n$d quJ. J. Fink et g].[]S]. They have measured the line width of

. 0 3.1x107* T for conventional nematic and smectic Tiquid crystals.

Conclusion

!t could be concluded from the above results that the materials which give
spherical mgsophase on heating show a narrowing of the NMR with increasing tem-
perature which corresponds to so-called softening and plastic stages. Moreover,
the degrge of motional narrowing of the proton NMR spectra reflects the degree
of f1u1d1ty at the p]astic stage. The temperature dependence of hydrogen aroma-
ticity woq1d be monitored directly by using the NMR high temperature technique.

Chgm}ca] reactions such as pyrolysis, depdymerization, condensation could
be c1ar1f1gd. Moreover, application of the technique seems to be promising in
the mechanism of coal liquefaction as well as that of mesophase formation.
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Table 1
Characteristics of samples used

: Optical texture
sample T ﬁe1gnt %S(d'abf') fa1) T1(ms)2) in carbonized coal
TaTheiyo coal 77.06.01.4 0.1 15.5 0.70 18 isotropic
Hongei coal 93.1 3.21.02.7 -~ 0.70 58 isotropic
Miike coal 83.56.21.21.8 7.3 - 421 fine mosaic
Yubarishinko coal 86.6 5.9 2.0 0.3 5.2 0.80 438 fine mosaic
B-component of _ _ - .
Yubarishinko coal 82.2 5.7 2.2 0.78 531 fine mosaic
y-component of _ _ :
Yubarishinko coal 87.87.01.5 0.80 718 coarse mosaic
Kureha pitch 95.2 4.2 0.1 0.2 0.3 0.86 952 fibrous/domain
Ethylene tar 94.35.5 0 0.1 0.1 0.78 1103 fibrous/domain
Coal tar pitch 92.1 4.81.30.3 1.5 0.83 1560 fibrous/domain -

1) values obtained from proton spin-spin relaxation time at -100°C [16]
2) proton spin-lattice relaxation time [17]
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Table 2

Range of sweep width for various NMR at 36.4 MHz of

resonance frequency [H,=0.88T]

NMR Range of sweep width (Hz)
High resolution 103
Intermediate 10"

Broad line 105~10°

Entrance for

{;;;;'_' flowing gas
. Exit for

flowing gas

Capiilary tube

rﬂ: _fﬁ];;,, Asbestos

] Quartz sample
,ﬂff”/ tube

_- Heater

7 Quartz tube
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field -
I = Detector coil
———-—Thermocouple
Fig. 1 OQutlines of the high temperature probe

and flowing gas system.
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Fig. 2 Proton NMR spectra of Taiheiyo coal (a), Yubarishinko
coal (b) and y-component of Yubarishinko coal (c) at high

temperatures.
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Fig. 3 Temperature dependence of the
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Fig. 4 Temperature dependence of spin-lattice

relaxation time (Ty) of ethylene tar pitch.

Fig. 5 A proton NMR spectrum of Kureha pitch
at 450°C (for 15 min) (a) and a comparison
of the experimentally observed spectrum
with a computer simulated spectrum (b):
(1) Total simulated curve, (2) Gaussian
component with To=7 ps, (3) Lorentzian
component with T2=210 us and (4) Lorentz-
ian component with T2=636 us.
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Fig. 7 A proton NMR spectrum of ethylene tar
pitch at 470°C.
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MAGNETIC RESONANCE STUDIES OF LABELED GUEST MOLECULES IN COAL
L. B. Ebert, R. B. Long, R. H. Schlosberg, and B. G. Silbernagel

Corporate Research Laboratories, Exxon Research and Engineering Co.
P.0. Box 45, Linden, NJ 07036

We have used magnetic resonance techniques to probe the time scales of motion for
a series of labeled guest molecules imbibed in subbituminous Wyodak and bituminous
I11inois #6 coals. Nuclear magnetic resonance (NMR) was used to study a suite

of such guests which were either deuterated or fluorinated, while electron spin
resonance (ESR) was used to examine paramagnetic TEMPOL spin labels. These
labeled guest molecules can be ohbserved directly with a minimum amount of inter-
ference from the nuclei and paramagnetic species naturally occurring in the coal.
By choosing a variety of differently labeled species, a broad range of time scales
for molecular motion can be examined. The rate and nature of the motion provides
information about the environment of the guests in the coal structure.

Dry coal samples (10-20 mesh) were exposed to various solvent vapors while con-
tained in closed jars. The solvent uptake was monitored by periodic weighing

of the sample during the exposure period. As shown for CgHg and CgHgN in I11inois
#6 coal (Figure 1), the uptake pattern depends upon the choice of solvents:
benzene uptake approaches an asymptotic value in roughly one week while pyridine
continues to be included over a much longer time period. The amounts of imbibed
labeled molecules in the coals used for the present study, shown in Table 1,

range from 0.1-410 m mole of solvent/gm of coal.

In most 1iquids, rapid molecular motion causes averaging of the interactions
between nuclear and electronic spins and their environment. If the rate of motion
becomes sufficiently slow, these interactions are no longer averaged and a change
in the magnetic resonance signal, typically a broadening, is observed. This
averaging process has been studied in many liquids and solids and relatively
simple theories have been developed which predict the characteristic times for
motion required for the onset of averaging for different electronic and nuclear
spins (1). For example, in 2-fluoropyridine the T9F NMR §s broadened by dipolar
interactions, principally with protons on the same molecule, and motion on a time
scale shorter than 250 u sec is needed to average the interaction. For the -CF
compgnents of hexafluoropropanediamine, this characteristic time is ~100 u sec.
The “H nuclei in deuterated labels are broadened by the stronger nuclear electric
quadrupolar interaction and more rapid motion (a6 y sec) is required for
averaging. Interactions of the much larger electronic moments in the paramagnetic
TEMPOL spin labels require times on the order of 10-8 sec to be averaged. A com-
bination of these labels allows us to survey rates of motion which vary by over a
factor of one million.

The derivative of the 19F NMR absorbtion of 2-fiuoropyridine in I1linois #6 coal
is shown in Figure 2. A narrow NMR line is seen at 300K, with no evidence for the
broad comgonent which would indicate molecules moving more slowly than 250 p sec.
No broad <H NMR Tine is seen in coal samples containing D,0. However both broad
and narrow components are seen in coals with CgDg and CgDeN guests. The derivative
of the °H NMR for CeDg in IT1linois #6 is shown in Figure 3 The same data is
displayed at two 1eve?s of gain to show the two satellites which occur on either
side of the intense central component. Very roughly, comparable numbers of nuclei
contribute to the narrow and broad components. The C Dg molecules contributing

to the central absorbtion are moving on time scales shorter than 5 p sec and the

H quadrupole interaction is completely narrowed. The satellite splitting for

the broad C505N component is twice as large as in the CGD6 case. From the
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magnitudes of these broad spectra (2) we infer that the CgDg molecules are still
spinning about their Cg symmetry axis at times shorter than 5 u sec, while the
CgDsN molecules are not. The restricted motion of this class of CgDg molecules
suggests that they may be sterically confined by the nearby coal matrix. The
absence of rapid motion for this class of CgDeN molecules may reflect a chemical
interaction between the molecules and the coal matrix.

ESR studies of the TEMPOL spin label also show this slowing down process in the
coal. Immediately after adding a TEMPOL solution to a coal sample, a narrow
triplet ESR signal from the TEMPOL in the 1iquid is super-imposed on the carbon
radical signal in the coal (Figure 4A). The narrow TEMPOL 1ines broaden as time
passes while the total EPR signal does not change, again implying the loss of
averaging due to slower motion of the molecules (Figure 4B). The characteristic
time of motion is therefore longer than 2 x 10°° sec. The reduction of the narrow
triplet signal intensity (Figure 4C) is proportional to exp (-at1/2) suggesting
that this slowing of the motion reflects diffusion of the TEMPOL labels into the
coal.

Pulsed NMR studies of the narrow component of the resonance line also show the
change in motion of a mo1§cu1e when introduced into the coal solid. The

energy exchange between "7F nuclei in 2-fluorophenol and their environment was
determined in the free 1iquid and for molecules included in coal by using spin
lattice relaxation (T]) measurements. Ty is frequency independent for both sys-
tems, but the relaxation time is much shorter for the guest molecules in coal:

Ty =13 % 3 m sec, in comparison with T; = 1.5 + 0.3 sec for the free 1iquid at
tle same tepperature (300K). These data imply characteristic times of motion
for the guest species. A factor of 100 slower than for the free species.

In summary, a combination of labeled molecular probes and different observation
techniques provides information on the environment and motion of molecular species
in coal. The range of characteristic times of motion is indicated schematically
in Figure 5. As illustrated in the case of the spinning CGDS molecules, the type
of the motion may also be deduced in some cases.

REFERENCES

1. This averaging phenomenon is discussed by A. Abragam, "Principles of Nuclear
Magnetism" (Oxford, 1961), Chapter X.

2. See R. G. Barnes in "Advances in Nuclear Quadrupole Resonance", J. A. S. Smith,
Ed. (Heydon and Sons, London, 1974), v. 1, p. 235 ff.

TABLE 1: MOLECULAR UPTAKE DURING THE SWELLING PROCESS

Coal Type Imbibing Molecule Millimoles Imbibed/Gram of Coal
Wyodak: D,0 8.49
CSDSN 8.93
CGDG 1.26
I1inois #6: DZO 5.79
CSDSN 6.21
CSD 2.08
2-F§uoropheno] 4.83
4-Fluorophenol 1.88
2-Fluoropyridine 6.09
c F6 . 0.47
Hexafluofo Propane Diamine 0.29
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CARBOXYLIC ACIDS AND COAL STRUCTURE. A. L. Chaffee, G. L. Perry and R. B. Johns.
School of Chemistry, University of Melbourne, Parkville, Victoria 3052, Australia.

The emphasis will be on fatty acids, particularly monocarboxylic and dicar-
boxylic acids an environmental indicators. Fatty acid data will be presented for a
number of Lithotypes of Brown Coal from the LaTrobe Valley, Victoria, and a series of
Australian Black Coals of varying rank. For the Brown Coal' the relationship between
fatty acids and Lithotype (which is believed to reflect the environment by deposition
will be discussed. The diagenetic changes which fatty acids in the coal structure
undergo with depth of burial will also be discussed in relation to Lithotypes.
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Structural Characterization of Coal: Lignin-Like Polymers in Coals

Ryoichl Hayatsu, Randall E. Winans, Robert L. McBeth,
Robert G. Scott, Leon P. Moore, and Martin H. Studier

Chemistry Division
Argonne National Laboratory, Argonne, Illinois 60439

INTRODUCTION

Although lignins are major constituents of vascular plants
from which coals are derived, their roles in the coalification
process and resulting coal structures have not been defined. On
the basis of chemical and blological degradations, lignins are
considered to be polymers of propylphenyl compounds, coniferyl
alcohol and related alcohols (1-3). Because of their great abundance,
high resistance to biological degradation and characteristic occur-
rence in land plants, isolation of coal degradation products related
to these lignin compounds should shed some light on the roles, if
any, played by lignins during coalification and in the final struc-
ture of coals. To date such studies have had only limited success.

Although fulvic and humic acids have been degraded successfully
with alkaline solutions to produce lignin-related phenols (4-6),
this method has not proved to be useful for coals. Reductilve
degradations of so0ll and coal-derived humic acids with sodium
amalgam have been reported to produce a variety of phenolic compounds
(9~10); however, several investigators have found that this proce-
dure gives only a few phenols in very small amounts, because of the
degradation of phenolic rings (11-12).

Many oxidative degradations have also been carried out to break
coal down Into simpler species; however, 1solation and identification
of phenols such as p-hydroxybenzene derivatives, vanillic and
syringic groups, which are characteristic lignin oxidation products,
have not been definitely confirmed yet. In general, commonly used
oxldants destroy phenolic rings or give complex products (13-15).
Some of the oxidants such as nitrobenzene produce reaction by-
products that may interfere with the analysis of the oxidation
products (16-18). To obtain lignin oxidation products from coals,
we resorted to the alkaline cupric oxide oxldation method which has
been successfully applied to analysis of lignins in plants (16),
Eu%vic and humic acids (18-19), and land-derived marine sediments

16).

EXPERIMENTAL

Seven coals were used in this study (Table 1). To remove trapped
organic materials (20-21), four coals (samples 1-}4) were extracted
with benzene-methanol (3:1, refluxing for 48 hours) and 2.5% aq.-
NaOH (20-35°C for 16 hours) before oxidation. Since the alkaline
eXtractable material was found to be negllglble for samples 5-7
these coals were only extracted with benzene-~methanol.
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Each coal sample (5g) was oxidlzed with alkaline cuprilc oxide
(51.9 g of CuSOy-5H»0, 37.3 g of NaOH and 185 ml of Hp0) at 200°C
for 8-10 hours* by the method of Greene et al. (22). After the
reaction mixture had cooled, it was centrifuged. The alkaline
supernatant was acidifled with HC1l to pH 2. After concentration of
the acidic solution, the slushy residue was repeatedly extracted
with benzene-ether (1:3). The residue was further extracted with
methanol. Materials soluble in alkalil only were also isolated from
all samples. To recover non-oxidized coal, the alkaline insoluble
residue was treated several times with concentrated HCl, and finally
washed with water. A summary of the oxidation products is shown in
Table 2.

Solid probe mass spectrometric analysis (20) showed that
the benzene-ether extracts consist mainly of organic acids. There-
fore, these extracts were derivatized with dg-dimethylsulfate to
yield d3-methyl labelled derivatives. The derivatives were analyzed
by GC-TOFMS and high resolution MS using techniques which have been
previously described (20). Authentic samples of phenolic acids
derivatized with dg-dimethylsulfate or diazomethane were also ana-
lyzed by GCMS for reference.

Gas chromatograms of the derivatives obtained from samples 1
and 2 are shown in Fig. la and in Fig. 1b with numbered peaks iden-
tified in Table 3. The methanol extracts and fractions soluble in
alkali only were found to consist essentially of humic acid-like
materials by solid probe MS.

To obtain detailed information of the CuO-NaOH oxidation, con-
trol experiments with 15 model compounds and a polymer were carried
out using the procedure employed for the coals. The results are
shown in Table 4.

RESULTS AND DISCUSSION

As shown in Table 2 and in Table 3, most informative is the
identification of large amounts of p-hydroxy and 3,4-dihydroxybenzoic
acids in the oxidation products of samples 1 and 2. These are
regarded as lignin oxidation products. It is interesting to note
that, while no o- and m-hydroxybenzoic acids were found in the oxida-
tion products of samples 1 and 2, all three isomers were ldenti-
fied in small amounts in other rank bituminous coals (samples 3, 5, 6).
From sample 3, 3,4-dihydroxybenzoic acid was also isolated in small
amount, however this compound was not detected in the oxidation
products of other bituminous coals (samples 4-6).

It is interesting that bituminous (sample 4) gave organic acids
qualitatively similar to those of lignite coal (see Table 2).

¥
In general, lignin, plant materials, fulvic and humic acids and
marine sediments are oxidized at 170°C for 3-4 hours, however
this condition has been found to be not strong enough to oxidize
coals.
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identified compounds were p-hydroxybenzoic acid, U4~hydroxy-1,3- /
benzenedicarboxylic acid, benzene di and tricarboxylic acids. No !
o- or m- isomer of hydroxybenzoic acid was detected. We have
found that solvent extractable hydrocarbons obtained from this
coal consist mainly of n-alkane (Cy; to C31). This is quite dif- ‘
ferent from other results which showed that aromatic hydrocarbons !
were the major solvent extractable material of several bituminous 4
and anthracite coals (20,23). Indeed, petrographic analysis shows
that this coal has a high content of sporinite (14.3 wt %) and low
content of vitrinite (30.2 wt %) (24). Anthracite coal (sample 7)
did not yield any organic solvent extractable oxidation products. 4
Some acids not found in oxidation products of lignins, land
plants and marine sediments were found in the oxidation products of
coals. Among these were phenolic di and tricarboxylic acids and
hydroxynaphthalenecarboxylic acids. From some soil fulvic and humic
acids, phenolic polycarboxylic acids have been found in the oxida-
tion products together with considerable amounts of fatty acids.
Therefore, phenolic esters of fatty acids are considered to be
present in these soil acids (5,18). However, little or no fatty
acids were observed in the coal oxidation products.
Trihydroxybenzoic acid or its methoxy derivatives (syringic
group) which are obtained from the oxidation of lignins, fulvic and
humic acids and marine sediments were not found in any of our oxida-
tion products. We have found that the authentic syringaldehyde
and 2,6-dimethoxyphenol were largely degraded by the oxidation
(Table 4). This may account for the fact that we did not observe
them, however the syringic groups may have been degraded during
coalification.
All phenolic acids identified were found as 0CD3-derivatives.
The mass spectra showed the complete absence of 00H3—group. It is
confirmed that no isotope exchange of the H in OCH3 with D occurred
under our procedures. Although partial demethylation reaction during
the oxidation cannot be excluded from the control experiment (see
Table U4), it is probable that the phenolic acids found were derived
mainly from the fission of ether linked aromatic systems as shown in
the example below rather than from aryl methoxy units.

? Cu0-NaOH HO
————

OH

R = alkyl (C > 2), aryl
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Indeed, it 1s known that very little or no methoxy groups are
present in bituminous coals (25-26). In the lignite coal (sample
1) aryl methoxy groups are not present in significant amounts (26).

Nonhydroxy benzene, naphthalene, pyridine and thiophene car-
boxylic acids and humic acid-like materials found in the oxidation
products might be derived from non-lignin or extensively trans-
formed lignin polymers.

The oxidation of methyl groups of aromatic compounds has been
found to be ineffective. Therefore, relatively large amounts of
methyl-substituted phenolic and benzene carboxylic acids were iso-
lated from the coal oxidation. Our control experiments also indi-
cated that, while the Cu0-NaCOH oxidation of alcohol, aldehyde,
ketone, quinone and ether is effective, methyl groups and methylene
bridges are not oxidized significantly.

CONCLUSIONS

1. Although one cannot rule out the possibility that plant
polyphenols (27) could be one of the important precursors for coal
formation, the present work shows that lignin-like polymers have
been incorporated into the macromolecules of coals, and are still
identifiable in lower rank ccals. Evidence for this is the identi-
fication of p~hydroxy- and 3,4~dihydroxy-benzoic acids which are
known lignin oxidation products.

2. The lignin-like polymers contain more highly cross-linked
structures increased in aromaticity compared with the original
lignins. Phenolic polycarboxylic acids and hydroxynaphthalene-
carboxylic acids which were identified are not found in the CuO-NaOH
oxidation products of lignins and plant materials.

3. It is obvious that extensive transformation of lignin-like
polymers occurred perhaps through reactions (28-29) such as demethyla-
tion, demethoxylation, dehydrogenation, oxidation, cleavage of ring
structures, re~condensation, etc. during coalification from lignite
to bituminous and anthracite coals. This is shown by the fact that
(a) lower rank coals gave higher yields of the Cu0O-NaOH oxidation
products; (b) higher phenolic acid/benzenecarboxylic acid ratio is
shown for the lower rank of coals; (c¢) very little or no dihydroxy-
benzoic acid was identified in the oxidatlion products of higher rank
coals (samples 3-6); (d) more naphthalene~ and hetero-
carboxylic acids are found in the oxidation products of higher rank
coals. Finally, major parts of lignin-like polymers are transformed
into non-1lignin type polymers at later stage of coalification.
Indeed, the later coalification product, anthracite coal (sample T7)
did not yield any phenolic acid by the oxidation.

4. 1In a previous paper (21) we characterized aromatic acids
trapped in lignite coal, and have found that these acids are quali-
tatively quite similar to those obtained from the present oxidation
of the same pretreated coal. This indicates that the trapped acids
were derived mainly from the oxidative degradation of lignin-like
polymers during the coalification. We have also observed that no
trapped organic acid is isolated from the anthracite coal which no
longer contains lignin-1like polymers.
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Table 1

*
Elemental Analysis of Samples (maf %)

No. Sample C N S (byodiff) H/C
1 Lignite (Sheridan Wyoming) 66.4 4.8 1.5 1.1 26.2 0.87
2 Bituminous (IL. #2) 73.9 5.2 1.4 3.4 16.1 0.84
3  Bituminous (IL #6) 77.7 5.4 1.4 4,1 11.4  0.83
4 Bituminous (Ohio PSOC#297) 80.5 5.6 1.6 2.9 9.4 0.83
5  Bituminous (Pitt. #8) 82.0 5.5 1.4 3.7 7.4 0.70
6 Bituminous (Penn. PS0C#258) 86.5 4.8 1.3 2.6 4.8 0.67
7  Anthracite (Penn. PSOC#85) 91.0 3.8 0.7 1.2 3.3  0.50

)
All samples were pretreated to remove solvent extractable trapped

organic materials and were dried at 110-120°C for 16-18 hours under

vacuum before oxidation.
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Table 2

Summary of Cu0-NaOH Oxidation Products
Sarple No.?

Wt % of 1 2 3 4 5 6 U j

fraction

Organic acid 35.3 19.6 17.1 7.0 14.7 1.3 - [

(Benzene-ether extract) :

Humic acid A 54.3  61.0 46.2 9.3 39.5 69.5 -

(Methanol extract)

Humic acid B <1.0 <1.5 16.1 51.0 20.2 2.0 7.5 {

(only ag. alkali soluble) !

Non—-oxidized coalC 11.0 21.0 22.2  30.4 26.5 32.0 95.0

Wt % of identified acidsd

Phenolic 66.6 54,1 14.6 41.0 8.3 5.8 -

Benzene carboxylic 26.0 36.2 69.4 50.2 62.7 76.7 -

Naphthalene carboxylic 2.0 3.3 6.2 5.5 22.9 10.6 - ;

Heterocyclice - 1.6 3.5 2.0 2.0 3.2 - |

Aliphatic dibasic 2.6 1.0 1.4 - <1.0 <1.0 - ‘

Others 2.8 3.8 4.9 1.3 3.5 3.0 - ;
i

Ratio of Phenol/Bengzene Acid 2.56 1.49 0.21 0.82 0.13 0.07 -

83ee Table 1 for information.
bWt % was obtained from coal sample on a dry, ash free basis.
CSmall amount of insoluble Cu-salts are present.

d'wt % was obtained froém each benzene-ether extract. Determination was made
from the gas chromatograms of their methyl esters.

e'I'hiophene— and pyridine carboxylic acids for samples 2-6, and pyridine
tricarboxylic acids for sample 1.

~ Not found.
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Q Table 3

Organic Acids Identified as Their d3—methyl Esters by GC-MS and
High Resolution MS

Peak No. Compound
|
. 1 Succinic acid
2 C3—dibasic acid
. 3 Benzoic acid
4 Methylbenzoic acid
5 p-Hydroxybenzoic acid
6 Hydroxytoluic acid
7 1,2-Benzenedicarboxylic acid
8 1,4-Benzenedicarboxylic acid
9 1,3-Benzenedicarboxylic acid
10 Methylbenzenedicarboxylic acid
11 Dihydroxybenzoic acid
12 Pyridinedicarboxylic acid
13 3,4-Dihydroxybenzoic acid
14 Dimethylbenzenedicarboxylic acid (naphthoic acid, minor)
' 15 Hydroxybenzenedicarboxylic acid (4-hydroxy-1,3-
\ benzenedicarboxylic acid, largest peak)
16 Methylhydroxybenzenedicarboxylic acid
17 1,2,4-Benzenetricarboxylic acid
18 1,2,3-Benzenetricarboxylic acid
19 1,3,5-Benzenetricarboxylic acid
20 Methylbenzenetricarboxylic acid
' 21 Pyridinetricarboxylic acid
22 Naphthalenedicarboxylic acid
23 Hydroxybenzenetricarboxylic acid
24 1,2,4,5-Benzenetetracarboxylic acid
25 1,2,3,4-Benzenetetracarboxylic acid
26 1,2,3,5-Benzenetetracarboxylic acid
27 Methylbenzenetetracarboxylic acid
28 Dihydroxy-diphenyldicarboxylic acid (T)
29 Hydroxynaphthalenedicarboxylic acid
30 Benzenepentacarboxylic acid

T indicates that identification is tentative.
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Table 4

CuO-NaOH Oxidation of Model Compound at 200°C for 8-10 Hours

Compound Type of Reaction Major Product® Eilg
4-Methylbenzyl alcohol —CHZOH + ~COOH L-Methylbenzoic acid 93
B-Naphthyl methylcarbinol —CHZOH -+ -COCH B~Naphthoic acid 77
Benzaldehyde -CHO + -COCH Benzoic acid 95
4-Methoxybenzaldehyde -CHO + -COCH L-Hydroxybenzoic acid 89(U5)
2,6-Dimethoxyphenol —OCH3 + —CH b -
Syringaldehyde -CHO + -COCH 3,4,5-Trihydroxybenzolic acid LJ.SC
Dibenzoylmethane —CO—CHZ— + —COCH Benzoic acid 76
1, U-Naphthoquinone -CO-C + -COOH Phthalic acid 91
Phenylacetic acid —CHZ—CO— + —COCH Benzoic acid 68
Diphenyl ether -0~ + ~CH Phenol 67
Dibenzyl ether -H2C-O—CH2— + -COOH Benzoic acid 81
Diphenyl methane -C-C- + -COOH Benzoic acid 11
Poly-(4-methoxystyrene) -C-C + -COCH L-Hydroxybenzoic acid 6d
1-Methylnaphthalene —-C—C-+ —COOH 1-Naphthoic acid 3
2,4-Dimethoxytoluene —C—~C-~+ -COOH 2,4-Dihydroxybenzoic acid 5(58)
3, 4-Dimethoxytoluene ~C-C-~+ -COCH 3,U-Dihydroxybenzoic acid 7(52)

211 products were derivatlzed with dg—dimethylsulfate or diazomethane, and
analyzed by GCMS.

About 16.9 wt % of the oxldation product was obtalned under the same conditions
(170°C for 4 hours) employed for plant materials, humic acids and marine sediments.
The product consisted mainly of polymerized material. Very small amount of tri-
hydroxy compounds (2-3%) was detected by GCMS.

CMOS’C of syringaldehyde was degraded.
dShown as wt %.
eNumber' in parenthesis shows % of demethylation from —OCH3 group.

b
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FIGURE CAPTION

Fig. la. Gas chromatogram of methyl esters of the organic acid
fraction from lignite; Fig. lb, from bituminous coal. The analysis
was carried out on a Perkin-Elmer 3920B gas chromatograph inter-
faced to a modified Bendix model 12 time-of-flight mass spectrometer
with a variable split between a flame ionization detector and the
source of the mass spectrometer. The separation was made on a

15.2 m x 0.51 mm SCOT column coated with OV 17 and temperature
programmed from 100-250°C at 4°C min-1.
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SHORT TIME REACTION PRODUCTS OF COAL LIQUEFACTION
AND THEIR RELEVANCE TO THE STRUCTURE OF COAL

Malvina Farcasiu

Mobil Research and Development Corporation
Central Research Division
P. 0. Box 1025
Princeton, New Jersey 08540

INTRODUCTION

The subject of the chemical structure of coal is almost as con-
troversial as it is complex. The complexity of this problem is par-
tially due to the lack of homogeneity and solubility of coals, as well
as to the large variety of organic rocks labeled as coals.

A fundamental guestion is whether we can even consider a chemical
structure for a specific coal. Experimental data indicates that there
are similarities in the physical properties of some groups of coal and
in their behavior toward different chemical reactions; this at least
allows us to speak of elements of structure in coal.

Traditionally, both physical and chemical data have been used to
study coals. Both kinds of methods require a large amount of experi-
mental work and highly specialized competence in the understanding
and application of the method itself. This makes it quite difficult
for any individual to master all the aspects of this kind of research.
Fully aware of this reality, I will try to present some of our present
concepts on coal structure. These concepts are based on data available
in the literature as well as from our own experiments. The main idea
is to use as much information as possible, which has been obtained by
methods as different as possible, and to question all the data,
expecially those which can be proven by a single method only. One
should mention that previous work by Given [1l] and Wiser (2] was based
on a similar approach. In this paper we will discuss some new data,
which was not available to them when they proposed several represen-
tative coal average structures.

RESULTS AND DISCUSSION

The first step in the chemical analysis of a coal is the determin-
ation of its moisture-ash-free elemental composition. For example, for
two coals which have been extensively studied for liquefaction behavior
the elemental composition, calculated for 100 atoms is:
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Coal Elemental Composition
Illinois #6 Cop oH, 20, oSn oN
(Monterey) 50.874374.870.870.6
Wyodak

Cag.4%42,4%.6%0.07V0.5

A look at the above data gives several hints about coal structure:

1. For each 100 atoms in coal over 90 are atoms of carbon and
hydrogen. Stoichiometry dictates that the majority of the
chemical bonds in coal will be carbon-carbon and carbon-
hydrogen.

2. Oxygen is the main heteroatom and understanding its chemistry
during any coal transformation is essential. For each reaction
performed for the usual purpose of removing sulfur and nitrogen,
understanding what happens to oxygen is very important, as well
as how its reactivity affects those of N and S functions.

Looking at possible coal structures, two aspects are relevant:

a) the chemical functions in which the heteroatoms appear,

b) the carbon skeleton of the rest.

The most important chemical functionalities in coal are [3]: for
oxygen: phenols, ethers, carboxylic acids, quinones; for nitrogen:
pyrrole and pyridine derivatives.

These functionalities can be present in larger or smaller relative
amounts in a given coal, but, qualitatively,all the coals contain the
same kind of chemical functions.

The carbon skeleton of coal is perhaps the most controversial
aspect of the research on coal structure. Three major questions are
.of interest in this field:

1. What is the percentage of aromatic carbons?

2. How condensed are the aromatic ring structures?

3. What is the carbon skeleton of the aliphatic portion of the
coal?

The percentage of aromatic carbon can now be determined by solid-
state 13Cc-NMR. Alex Pines from the University of California at
Berkeley made the quantitative measurements for the coals discussed in
this paper.

To answer the other two questions related to the carbon skeleton,
several approaches can be taken.
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One of them is a careful structure determination of the short
time reaction products of the thermal liquefaction of coal [4].
During the last four years we worked on a research project supported
in part by the Electric Power Research Institute. One of the purposes
of this project was to establish the chemical composition of short
contact time thermal liquefaction products (including structure). We
will now discuss how this data can be used to obtain information about
coal structure.

In the short time of 2~5 minutes, coal dissolves in the presence
of an H-donor; in the absence of an added catalyst only a few bonds are
actually broken. Work at Mobil [4], Exxon [5] and Oakridge National
Laboratory [6] indicates that none of the following reactions take
place:

[ Hydrogenation of aromatic polycyclic hydrocarbons,
[ Destruction or formation of polycyclic saturated structures.

A corollary of this is: if these polyaromatic or polycyclic saturated
structures are present in coal, they should be identified in the thermal
liquefaction products.

Many of the chemical functionalities are also stable in these
conditions, especially the 0,S5,N heterocyclic structures. Water
formation by phenol dehydrogenation is also minimal. We found that
in coal conversions even at long reaction times (up to 90 minutes)
in the absence of an added catalyst, the -OH bonded to a monoaromatic
ring is stable. In the same conditions, dehydroxylation of naphthenic
phenols does occur [7].

The degree of ring condensation of the aromatic part can be semi-
quantitatively determined in coal liquids [4]. It has been found that
in the short time liquefaction products, the majority of the aromatic
rings are as in benzene and naphthalene. These data are consistent
with the data obtained by Hayatsu, Scott, Moore and Studier [9], using
an oxidative method and with the uv-visible spectroscopy data reported
by Friedel and Queiser [10]. I conclude then that in the subbituminous
and bituminous coals studied by us and others, the aromatic carbons are
not present in significant amounts as highly condensed rings.

Concerning the carbon skeleton of the aliphatic portion, there
are no methods for direct identification. However, for a given formula
if the total number of C and H is known, as well as the percentages of
aromatic and aliphatic carbon and hydrogen a possible structure for
the aliphatic part may be inferred.

Possible average chemical structures present in short time reaction
products have been determined by a methodology we have already reported
[4,8]. Fractions with average molecular structures as in Figures 1-4
are consistent with the experimental data.

As shown in Figure 1 for a given molecular formula, there is a
relationship between the degree of aromatic ring condensation and the
degree of aliphatic ring condensation.
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The relative number of aliphatic hydrogens and carbons is con-
sistent with the presence of some polycondensed aliphatic structures.
The number of the polycondensed aliphatic rings seems quite high in
certain Wyodak coal liquids obtained in a thermal process at short
reaction time (Figure 4). It is likely that such structures are also
present in Wyodak coal. Other experimental data are also in favor of
this explanation., For example, the oxidative method used by Deno
et al. [1ll], gives selective oxidation of aromatic structures only if
polycondensed aliphatic rings are not present. The results obtained
by this method for Wyodak coal are nonreproducible and the oxidation
products are difficult to analyze.

Another approach is a direct calculation of the possible number
of the aliphatic rings. The calculation is based on the elemental
analysis of the coal and the percent of aromatic carbon obtained by
13c-NMR in solid state [4]. Based on this method, the Wyodak coal
used in the liquefaction study to obtain data as in Figure 2 con-
tained 44-50% aromatic carbon. This would be consistent with 2 to
8 aliphatic rings for 100 atoms of carbon. We should note that some
other samples of Wyodak coal for which we measured the aromatic con-
tent were somewhat more aromatic (50-70% aromatic carbom).

The data we presented are based on the similarity of the elements
of structure in coal and in the short contact time, noncatalytic
ligquefaction products. These elements of structure could be bound
together with low energy thermally labile bonds. As described in the
literature [4,6], these weak bonds could be:

ArCH,—XAr bonds (X = 0,S,C-Ar).

2
An important practical consequence of knowing the coal structure
and the structure of its short time liquefaction products is the
understanding of the possible limits of reduction of H-consumption
for the liguefaction of a particular coal. In Figure 5 we make Ssuch
correlations. This aspect will be discussed more fully in the future.
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General Formula C31H27O2

Aromatic Moiety C 1(1H—NMR, 13c_NMR)

18%10-1

Aromatic Structures Considered

VARIANT 1 VARIANT 2 VARIANT 3
(unlikely) (unlikely)

el B0 O 69 DR + o

Possible Average Structures

(most probable
structure)

Figure 1: Possible Average Structure for a Short Contact Time
Fraction SESC-3 of Monterey Coal.
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General Formula C43H3802

Aromatic Moiety C (la-nmr, 13c-NMR)

2618
Aromatic Structures Considered:

VARIANT 1 VARIANT 2

- © Owx

o - @

Possible Average Structures:

Figure 2: Possible Average Structures for Wyodak SESC-3
Short Contact Time SRC
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Figure 3: Fraction SESC-4 Monterey Coal Short
) Contact Time SRC

C34%33%; . 55%0.35%0.4

% Aromatic C = 59
% Aromatic H = 43

Aromatic Part c20H14

|
HO : :O:

Aliphatic Part C14H19

1 Aliphatic Ether + 4 Substitutents

cl4Hl9 + 2 + 4 = C14H25

C14H26 -- 3 Condensed Aliphatic Rings

HO

128



J

P

Calculated Based on Experimental Data:

C43H36NO2 Av. MW = 600
; Ly 13 R
Aromatic C,5H;g_;q( H-NMR, C-NMR) In formula:
(62% Aromatic C, 52% Aromatic H) CyeHig
Benzylic (2-3 ppm) H H
10 3
16 16 Hig
Aliphatic H, H?

Figure 4: Average Carbon Skeleton Formula for
Wyodak SRC
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DEDUCTION OF THE STRUCTURE OF BROWN COAL
BY REACTION WITH PHENOL

R.J. Hooper* and D.G. Evans®

* D.S.I.R. Industrial Processing Division, Private Bag, Petone, New Zealand
+ Centre for Environmental Studies, University of Melbourne, Parkville, Victoria
3052, Australia. .

INTRODUCTION

To make any real progress in the ability to predict and control the liquifaction of
coal by hydrogenation it is necessary to know what chemical reactions are occurring.
Modern preparative and analytical techniques such as elution chromatography, mass
spectroscopy and proton nmr have made the task of characterizing the products of
liquefaction reactions much easier than hitherto, but the task of characterizing the
coal before reaction remains almost as intractible as ever, because these new
methods depend on the analysis samples being in the liquid form (or in the case of
mass spectroscopy, able to be completely vaporized).

This is not a new problem, of course. Over the years many solubilization tech-
niques have been suggested as tools for deducing coal structure, e.g. oxidation,
hydrogenation, alkaline hydrolysis, pyrolysis and extraction with powerful solvents
(either alone or in conjunction with other methods such as thermal pre-treatment,
use of ultrasonics, etc.). These suffer from one of two disadvantages: with the
relatively mild physical methods insufficient coal is got into solution to be useful
(less than 20% is typical); but with chemical methods, including pyrolysis, the
treatment is so harsh that interpretation of the structure of the original coal in
terms of that of the products is of dubious validity. In particular, use of elev-
ated temperatures, as in pyrolysis or other thermal treatments, is to be avoided, as
free radicals formed by cleaving fragments off the main body of the coal molecule
may polymerize to form structures which were not present in the original coal.

If it is accepted that coal cannot be got into solution without altering its struc-
ture to some extent, we should look for methods in which these changes are not large
enough to prohibit the drawing of adequate deductions about the structure of the
original coal, while at the same time presenting the reacted coal in a form suitable
for structural examination. This would require at least 80% of the coal to be
solubilized, with the soluble material low enough in molecular weight to ensure that
it in turn is soluble in mild organic solvents, as required for preparative tech-
niques such as solvent fractionation or chromatography.

The methods we considered were Friedel-Crafts reactions of various kinds (alkylation
and acylation) and depolymerization of the coal by using it to alkylate phenol, as
first proposed by Heredy and co-workers (1), and extensively investigated by them
(1-5) and by Ouchi and co-workers (6-11). From the recent review of these methods
by Larsen and Kuemerrle (12) it appears that molecular weights of the coal fragments
produced are higher for alkylation and acylation methods (typically several thou-
sand, even after allowing for the added acyl or alkyl groups) than for the material
depolymerized in phenol (less than a thousand). The only disadvantage of phenol
depolymerization, compared with the other methods, was its relatively weak action on
very high rank coals (< 90%C, daf). This did not concern us, as we were interested
in examining brown coals from the Latrobe Valley, Victoria, Australia, with very low
rank (65-70%C, daf). We therefore chose this method, which had already been shown
by Ouchi and Brooks (9) to be very effective for this type of coal. We perhaps
underestimated the difficulties that chemically combined phenol would cause us, as
will be discussed later.
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In our plan of attack we first depolymerized the coal using conditions suggested by
Imuta and Ouchi (11), then divided it into five fractions of progressively increas-
ing polarity, using solvent fractionation, then analysed these fractions separately
by elemental and functional group analysis, and further characterized the fractions

by running infrared and proton nmr spectra on them. After allowing for the effects
of combined phenol these data were put together to build up a composite picture of
the structure of the original coal. Heredy et al. (5) have carried out a similar

investigation on.a series of coals of different ranks. The present work differs
from theirs in that it used a more powerful catalyst for the phenolation, a more
decisive solvent fractionation scheme, and infrared as'well as nmr analysis for
characterizing the fractions. Also our coal was lower in rank than any of those
they tested.

EXPERIMENTAL

Coal used

The coal tested was Morwell brown coal from Victoria, Australia. Its composition
on a dry basis is shown in Table 1. This coal contains over 60% moisture as mined.

It was ground wet to 80% < 25 mesh, and used in the wet state (60% moisture).
Phenolation reaction

179 g of wet ground coal, 75 g of p-toluenesulfonic acid catalyst and 1300 g of lab-
oratory grade phenol were heated under nitrogen, and the water was removed from the
coal by boiling at 183°% (the boiling point of phenol is 181.8°C). The remaining
mixture was refluxed at 183°C for 4h, after which the phenol was removed by steam
distillation, leaving a solid, black, tarry material of low melting point, which
was separated by decantation, and extracted by refluxing for 2h with 1200 ml of
ethanol /benzene azeotrope (65% benzene, 35% ethanol). The insoluble material was
filtered off and dried in a vacuum oven for 12h at 50°C and 16kPa pressure (these
conditions were later used to remove excess solvent from all the fractions - see
Figure 1 below).

Solvent fractionation

To facilitate later structural analysis the coal was separated into structural types
using the solvent fractionation scheme shown in Figure 1.

Analysis

The original coal and the various fractions were analysed for carbon, hydrogen and

oxygen by the C.S.I.R.0. Microanalytical service. Ash contents were determined in
a standard ashing furnace (13). Phenolic, carboxylic and carbonyl oxygen contents
were determined by the State Electricity Commission of Victoria, using methods de-

veloped by them for brown coals (14).

Infrared spectra of the original coal and the fractions were measured on a Perkin
Elmer 457 Grating Infrared Spectrophotometer. Liquid samples (fractions A and B)
were analysed as a thin film or smear. Solid samples (C, D and original coal) were
analysed in KBr discs containing 0.3% by mass of sample. These were prepared by
grinding the KBr mixture for 2 minutes in a tungsten carbide TEMA grinding barrel ,
drying for 24h in a vacuum desiccator over phosphorus pentoxide, then pressing into
discs at 10 tons force, at room temperature but under vacuum. Because fraction A
was dominated by phenol a sample of it was further separated by elution chromato-
graphy in an attempt to separate from it material less dominated by phenol.

Elution was carried out in a silica column, using elutants in the following order:
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hexane, chloroform, methanol.

Proton nmr spectra were recorded on a Varian HA 100 nmr spectrometer at room tem-
perature, with tetramethylsilane (TMS) as internal standard, with a sweep width of
0 to 1000 Hz from TMS. For fraction A a solution of deuterated chloroform was
used; fractions B and C were not soluble in CDCl3 and pyridene -ds had to be used;
fractions D and the whole coal were barely soluble even in pyridene -dg, but enough
dissolved to get spectra. These will not, of course, be representative of the
whole material.

RESULTS

Yields and compositions

Table 1 shows the yields of the five fractions per 100 g of original dry coal and
their compositions, including a breakdown of the oxygen into carboxylic, phenolic
and other oxygen. Note that part of the ash-forming material has been removed by
the solubilizing process (much of the non-organic material in Morwell coal is ion-
exchangeable, and would have been replaced by hydrogen ions from the p-toluene-
sulfonic acid; this was confirmed by ash analysis: e.g. ash from the original coal
contained 50% Si0O, and 10% MgO, whereas .fraction D ash contained 80% SiO, and only
1% MgO). As the total yield of fractions was 202 g/100 g of original coal 102 g
must have been added. This consists of combined phenol and unseparated solvents,
as will be discussed later. This dilution results in the fractions having higher
carbon contents and lower oxygen contents than the original coal. The hydrogen
content decreases from A to D as the fractions become less aliphatic and more aro-
matic and polar.

Infrared spectra

The infrared spectra of the fractions and the original coal are shown in Figure 2.
The spectra of the eluted sub-fractions of fraction A are not given here.

As already mentioned fraction A is dominated by phenol; nevertheless strong ali-
phatic absorptions can be seen at 2920, 2850, 1460 and 1380 cm !.  The spectra of
subfractions Al (eluted by hexane, a very small part of A) and A2 (eluted by chloro-
form, about a quarter of A) showed these aliphatic absorptions very strongly. The
spectrum for Al showed little else, and this sub-fraction is probably virtually pure
paraffins. The spectrum for A2 resembled the spectra for phenol ether and phenetole
(CgHg0C,Hg) « Absorption due to hydrogen - bonded hydrogen is negligible, showing
that all the phenol in this sub-fraction has been converted to ethers. The spectrum
for subfraction A3 (which constitutes about three quarters of A) was dominated by
phenol, but some aliphatic absorptions still showed, and this sub-fraction may well
consist of phenol bonded to small coal fragments by methylene bridges. The absorp-
tions for A, A2 and A3 at 1250 cm ! are probably due to ether oxygen.

Fraction B is in many ways similar to fraction A, but with much weaker aliphatic ab-
sorption. It has a strong absorption due to hydrogen - bonded hydrogen at 3400

cm !, a weak aromatic absorption at 3030 cm ! and many other absorptioms character-
istic of phenol. It also shows weak aliphatic absorptions at 2920, 1460 and 1380
cm !, and ether oxygen absorption at 1250 cm'!

Fractions C, D and E have spectra similar to those of the original coal. Phenol no
longer dominates, although the hydrogen bonded -OH absorption at 3400 cm 1 is still
strong. Aliphatic absorption is weak in C and E and negligible in D. The shoulder
at 1700 cm ! due to carboxylic oxygen, which was quite strong for the whole coal, is
also quite pronounced for fractions C and D. (It was absent from fractions A and
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B). This checks well with the data in Table 1 obtained by chemical analysis. The
broad absorption from 1200-1000 cm ! present in the whole coal is also present in
fractions C and D although absent from A, B and E. Doubtless oxygen groups con-
tribute to this, but we believe it is mainly due to silica, which is a major con-
stituent of the ash. It could be virtually removed by deashing the coal with
strong acids or by float/sink separations.

Nmr spectra
Figure 3 shows nmr spectra for fractions A, B, C and E.

Table 2 shows the forms the protons are present in, as determined from these spectra.
The data for fraction D and the whole coal are shown in brackets, as these samples
were virtually insoluble in pyridine, and the spectra represent only the small sol-
uble portions. This table demonstrates the difficulties the coal chemist faces in
trying to use proton nmr on physical solutions of coal: e.g. the soluble part of
the whole coal shows no hydrogen-bonded protons despite- the evidence of table 1; it
shows no triaromatic or methylene bridge protons, despite the presence of appreciable
amounts of these in the fractions; on the other hand it shows far more methylene a
and methyl B8 than do the fractions.

The nmr data confirm and amplify the infrared data: hydrogen bonded protons are
present from phenolic and carboxylic groups in the coal and phenol groups added into
the chemically combined phenol. The monoaromatic content (of fractions A and B
especially) is high, also because of added phenol, but di-ring aromatic material is
also present in all fractions (even triaromatic in C), which must have come from the
original coal. The aliphatic material observed in the infrared spectra of A, B
and C is now seen to consist principally of methylene bridges and short, branched
aliphatic chains (a and B8 - methyl predominate).

DISCUSSION

Combined phenol

The total combined phenol was estimated as follows:

Using the yield and composition data of Table 1 elemental balances were drawn up, as
in Table 3. The third last line gives the masses of the various constituents of
the added material. The second last line gives the amount of phenol this would
account for, assuming all the added oxygen was from phenol (none from ethanol or
methanol). The last line gives the remainder, which is close in composition to
benzene (which could be presentas a contaminant in fractions B and (). In the
fractionation scheme shown in Figure 1 ethanol contamination of any fraction is un-
likely, but pentane contamination of fraction A and methanol contamination of D and
E are possible. We rejected these because pentane was not picked up from fraction
A by hexane elutriation while preparing subfraction Al (this was negligible in mass),
and D was too deficient in hydrogen and oxygen to contain any appreciable amount of
nethanol.  Methanol could have been present in E, but the mass of this fraction was
so small that any such effect would be negligible.

Distribution of hydrogen on a phenol - and solvent-free basis

We can now determine the distribution of hydrogen in the original coal, but first we

have to estimate the hydrogen distribution in fraction D, which could not be deter-

mined by nmr analysis. In another paper presented to this Congress (15) we reported

results of the hydrogenation of fractions A to D in tetralin. Fraction D yielded a

low-hydrogen residue, which still could not be analysed by nmr, and a high-hydrogen
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liquid product separated by boiling off excess tetralin. From its nmr analysis and
the known amount of functional group hydrogen in the original fraction (0.05 g/100 g
original coal) we concluded that the aliphatic hydrogen in the original fraction was
about 0.3 g/100 g, and the remaining 0.8 g of hydrogen/100 g was aromatic hydrogen
of various Kinds.

In Table 4 the results of the nmr analyses (Table 2), the estimates of combined
phenol and contaminant benzene (Table 3), and the above estimates of the distri-
bution of hydrogen in fraction D are manipulated to give a composite estimate of
hydrogen in various forms in the original coal (the aromatic hydrogen in fraction D
is assumed to follow the same pattern as in A, B and C, and the aliphatic hydrogen
is also assumed to be distributed as in A, B and C). From this we can calculate
by difference the hydrogen present in various forms in the original coal (second
last line of Table 4).

Distribution of structural types

The distribution of hydrogen calculated above, together with the distribution of
functional group oxygen (Table 1), between them define a statistically probable
structure for Morwell brown coal. Rather than attempt to draw a structure we give
in Table S5 estimates of the numbers of carbon atoms associated with each type of
hydrogen atom that not only predict approximately the correct mass of carbon per
100 g of coal but also allow for approximately the required number of substituents
in the aromatic groups, and for the bridges connecting the groups. There may, of
course, also be some carbon not associated with hydrogen, such as acyl bridges and
tertiary carbons in side chains (see later). We note in passing that the greatest
difficulty in meeting the above requirements is in accommodating the oxygen not ac-
counted for in functional groups.

We will conclude with a bricf discussion of the forms taken by the three main struc-
tural groups: oxygen groups, aromatic groups and aliphatic groups.

Oxygen groups: As seen from Table 1, 25% of the dry coal was oxygen, 5% in the form
of phenolic groups, 5% carboxylic, and 3% carbonyl. The present work throws little
light on the remaining 12%. Some ethers are thought to be present, but we cannot

confirm this: ethers noted in fractions A and B could have come from the phenolation

reaction. There was some indication of the presence of benzofuran groups from the
infrared spectra of residues left after the reaction of fractions C and D with
tetralin (1S). No doubt other heterocyclic oxygen is present also.

Aromatics: The presence of relatively large proportions of higher aromatic struc-
tures (diphenyl, naphthalene and polynuclear) is noteworthy, and unexpected from
previous studies on brown coal (16, 17). The total aromatic content may have been
overestimated slightly by the procedure used to estimate the hydrogen distribution
of fraction D, but this would make little difference to the contents of the higher
aromatics.

Aliphatics: The most surprising result of this work is the high methylene bridge
content (more than 25% of all hydrogen), which again was not expected from earlier
models (16). However it should be noted that in the study by Heredy et al. (5)
similar to the present one 12% of the hydrogen in a lignite was found to be in the
form of methylene bridges. It seems unlikely that these bridges were formed by the
phenolation reaction (indeed Heredy's favored mechanism requires the prior presence
of such bridges, and the large content found in this work appears to confirm his
mechanism as being the most important one in the phenolation reaction). If the
quantities in Table 5 are calculated out in terms of the numbers of structures rather
than their masses, we get 0.45 mole of aromatic groups per 100 g of coal and 0.65
mole of methylene bridges per 100 g. This means that there is more than one bridge
per aromatic group, i.e. a high degree of crosslinking must be present, probably in
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a three-dimensional network. Possibly dihydroanthracene structures may also be
present.

Another surprising result is the high number of B-methyl and B-methylene groups
(0.23 mole/100 g coal) without corresponding o-methylenes (only 0.02 mole/100 g).
This could be explained only by the presence of tertiary butyl groups (note that
Swann et al. (18) recovered 2,6~di-t-butyl-4-methylphenol from a similar brown coal
by evacuation at 35°C). The material reported here as B-methyl occurred at 6§ = 1,2
(Figure 3), which Heredy et al. (5) interpret as B-methylene groups in naphthenic
rings. If they are right this would put quite a different complexion on this find-
ing; however their interpretation differs from those of other authorities (e.g. Ref.

(19)), and would require a simultaneous occurrence of a-methylene groups, which is
not borne out by our Figure 3.
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[
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precipitate with extract with
pentane methanol
|
i precipitate

extract with
benzene

Soluble Soluble Insoluble Insoluble Soluble
(A) (B) (9] (D) (E)

Figure 1: The fractionation scheme used to separate coal into four soluble fractions
and an insoluble residue.

fraction Whole
Coal
A B C D E Composite

yiel&, g/100g 28 66 78 28 2 202 100
original coal

composition,

mass %

C 76 74 69 71 56 72 63
H 7 6 5 4 6 5 5
0 phenolic 4 4 3 6 ND 4 5

0 carboxylic 0 1 3 2 ND (2) 5

0 carbonyl ND ND ND ND ND ND 3

0 total 17 16 21 18 24 18 25
ash ND ND 2 3 ND (e} 4
unaccounted 1 4 3 4 14 4 3
Table 1: Yields and compositions of the fractions. ND means not determined. Ash
contents were not determined on fractions A, B and E, which were liquids. Func-

tional group oxygen was not determined on fraction E because insufficient of it was
available. The figures in brackets for the composition of the composite should be
little affected.
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transmittance

Whole Coal

L 1 1 L A 1 1 1 A - J
4000 3000 2000 1600 1200 800 400

Wavenumber, cm 1
Figure 2: Infrared spectra for the original coal and the fractions A to D separated

by the fractionation scheme shown in Figure 1. Fractions A and B, thin film; C, D
and whole coal, KBr disc.
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Figure 3: Nmr spectra for fractions A, B, C and E.
A is dissolved in CDCl3; B, C and E in pyridene -ds.
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§ proton type fraction Whole
ppm Coal
A B C D E Composite,

> 8.0 hydrogen bonded 7 17 19 ()] 27 (15) (0)
8.7-8.0 triaromatic (5) 0 0 6 (10 0 (&) (0}
8.0-7.2 two-Ting aromatic (5) 6 10. 8 (48) 13 (63) (46)
7.2-6.2 monoaromatic 63 58 44 (35) 37 E

5.8-4.3 olefinic 1 0 0 (0 0 0) 0}
4.3-3.4 methylene bridge 4 9 17 (trace) 9 (10) ()]
3.4-3.2 acetylinic 0 0 0 (0) trace ) 0)
3.2-2.4 methin, methylene a 3 0 0 (0) 0 (3) g (11)
2.4-2.,0 methyl o E 1 4 (4) 15 E

2.0-1.4 methylene B 3 1 0 0) 0 (1) 4
1.4-1.0 methyl B 13 4 1 4) 0 (5) (39)
1.0-0.6 aliphatic vy 0o 0 0 0) 0 ()] 3)

Table 2: Distribution of protons by type in the various fractions as measured from

nmr spectra.

pyridene-ds for others).

positions of these protons with respect to aromatic rings.

%

Figures are

% of the total protons in the particular fraction.
lowance has been made for residual protons in the deuterated solvents (CDCl; for A,
The figures for fraction D and the whole coal are put in
brackets to indicate that these samples were barely soluble and the spectra do not
represent the whole material, only the small soluble part.

a, B, vy refer to the

Al-

fraction un- total
C H 0 ash accounted
A 21 2 5 0 0 28
B 49 4 11 0 2 66
C 54 4 16 1 3 78
D 20 1 5 1 1 28
E 1 0 0 0 1 2
total 145 11 37 2 7 202
original coal 63 S 25 4 3 100
added material 82 [3 12 -2 4 102
added phenol 54 4 12 0 0 70
remainder 28 2 0 -2 4 32
Table 3: Materials balances on material added to the coal by phenolation and

fractionation.
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hydrogen aromatic aliphatic

bonded tri di mono | meth. a a B 8 total
bridge CH, CHy CH, CHj
A 0.14 0.00 0.12 1.23 0.08 (0.02 0.04) 0.06 0.25 1.94
B 0.67 0.00 0.40 2.30 0.36 0.00 0.04 0.04 0.16 3.97
C 0.74 0.23 0.31 1.72 0.66 0.00 0.16 0.00 0.04 3.86
D (0.05) (0.03 0.10 0.65)| (0.16 0.00 0.04 0.02 0.07) 1.12
E 0.03 0.00 0.02 0.04 { 0.01 0.00 0.02 0.00 0.00 0.12
total 1.63 0.26 0.95 5.94 1.27 0.02 0.30 0.12 0.52 j 11.01
phenol 0.74 - - 3.01 - - - - - 3.75
benzene - - - 2.46 - - - - - 2.46
coal 0.89 0.26 0.95 0.47 1.27 0.02 0.30 0.12 0.52 4.80
total 1.63 0.26 0.95 5.94 1.27 0.02 0.30 0.12 0.52 | 11.01
Table 4: Hydrogen present in various forms in fractions, original coal, combined

phenol and benzene contaminant, g/100 g original dry coal (figures in brackets have
involved making some assumptions about the distribution.

hydrogen atomic mass H (Table 4) Cc -
type C/H C/H g/100 g coal g/100 g coal
monoaromatic 6/2 36 0.47 17
two ring aromatic 10/4 30 0.95 28
triaromatic 14/4 39 0.26 10
a methylene 1/2 6 0.02 0
B methylene 1/2 6 0.12 1
methylene bridge 1/2 6 1.27 8
a methyl 1/3 4 0.30 1
B methyl 1/3 4 0.52 2
carboxyl 1/1 12 2
total 69
Table 5: Calculation of carbon in various structural forms, g/100 g dry coal.
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THE CHEMISTRY OF ACID~CATALYZED
COAL DEPOLYMERIZATION

Laszlo A. Heredy
Rockwell International, Energy Systems Group
8900 De Soto Avenue, Canoga Park, California 91304

Since its introduction in the early 1960's, acid-catalyzed depolymerization has become
a widely used method to convert coal into i?]Ub]e products for structural investigations.
It was first shown by Heredy and Neuworth( that coal could be depolymerized by reacting it
with phenol-BF3 at temperatures as low as 100°C. The method was based on the assumption
that coal contains aromatic structures linked by aliphatic bridges, such as methylene
bridges, which are sufficiently reactive to participate in an acid-catalyzed transaryl-
alkylation reaction. This general type of structure was proposed by Neuworth, et al., 2) to
explain the chemistry of low-temperature pyrolysis of coal. The overall reaction of this
proposed structure with phenol-BF3 is illustrated in Figure 1. One of the final products of
the depolymerization is dihydroxy-diphenylmethane.

The depolymerization reaction was modified by Ouchi, Imuta, and Yamashita(3) who
substituted p-toluenesulfonic acid (PTSA) for BF3 as the catalyst and increased the reaction
temperature to 180-1850C. A very high degree of depolymerization, with pyridine ?o;uble
product yields over 90%, was achieved under these conditions. Darlage and Bailey inves-
tigated the effects of reaction temperature, various solvents and coal preoxidation on
depolymerization product yields using a number of acid catalysts. They found that meta-
substituted phenols were more effective aromatic substrates for the depolymerization
reaction than phenol. The preoxidation of coal, particularly of some sulfur-rich bituminous
coals, wiEh dilute aqueous nitric acid considerably increased the yield of depolymerization
products.

A general review of the acid- c?talyzed coal depolymerization method has been published
recently by Larsen and KuemmerTe. ( The objective of this paper is to discuss some
specific aspects of the chemistry of coal depolymerization.

I. THE RELATIVE REACTIVITIES OF VARIOUS BRIDGE STRUCTURES TOWARD
PHENOL-BF3

Although no systematic studies have yet been reported regarding the relative reactivi-
ties of aliphatic bridge structures, or more generally, aliphatic-aromatic carbon-carbon
bonds, which may be present in various coals, t?warg phenol-BF3, some important trends have
been established in model compound experiments. The results of these experiments are
summarized in Tables 1 and 2 and in Figure 2.

The data on isopropyl group transfer in Table 1 show that the secondary aliphatic-
aromatic carbon-carbon bond is much more reactive when it is located on either a phenolic
ring or on a phenanthrene ring than on a nonactivated benzene ring. The relative reactivi-
ties of the secondary carbon bond in the first two structures could not be evaluated because
the isopropyl group transfer went to completion both in the case of ortho-isopropylphenol
and of retene. The data on n-propyl group transfer in Table 2 show, as expected, that a
bond between a primary aliphatic carbon and an aromatic carbon is less reactive than a
secondary carbon-aromatic carbon bond under otherwise similar conditions.

Figure 2 shows the comparison of the relative reactivities of four aromatic-aliphatic
carbon-carbon 11nkages A comparison of the reactivities of the two linkages a' and b',
which involve primary aliphatic carbon atoms, clearly show enhanced react1v1ty at bond a'
due to the act1vat1ng effect of the phenolic hydroxyl group. A comparison of the reactivity
of linkage a' with that of the corresponding bond in para-n-propylphenol (Table 2) indicates
that the reactivities of (- -CH2-CH2-) substituted aromatics are similar whether the substitu-
tion is in a bridge or in a chain structure. The relative reactivities found with model
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compound B indicate that -CH2- bridges can play a special role in coal depolymerization
because in this case bonds on both sides of the bridge structure are activated (compare the
reactivities of bonds b and b', respectively).

It is probable that cleavage of aliphatic ether bonds contributes to coal depolymeri-
zation, part1cu1ar1y in the case of lignites and subbituminous coals. Although the
reactivity of various ethers with phenol1-BF3 has not been investigated, several stydies on
the BF3-catalyzed cleavage of various aliphatic ether linkages have been reported. 8,9) It
- was shown that the reaction of ethers with benzene gives alkylbenzenes. The relative ease
of reaction varied considerably with different ethers. Diisopropyl ether and dibenzyl ether
reacted vigorously with benzene upon saturation with BF3. Isopropyl, phenyl, and benzyl
ethyl ethers reacted violently. On the other hand, ethyl, isoamyl, and n-amyl ethers
reacted only at higher temperatures and elevated pressures (1500C and 10-20 atm).

II. INVESTIGATION OF THE KINETICS OF BF ~-CATALYZED BENZYL GROUP TRANSFER

3
Kinetic investigations of BF3-catalyzed benzyl group transfer in benzylphenol systems

were reported by Heredy. (10) These systems were chosen for investigation because of the

particular interest in the role that -CH2- bridges may play in coal depolymerization.

One of the investigations was made with para-benzylphenol. Experiments were made first
with the para-benzylphenol/phenol (1-14C)/BF3 system to study the rate of benzyl group
transfer from benzylphenol to phenol (1-14C). It was found, however, that the rate of
benzyl group transfer to para-benzylphenol was much faster than to phenol (1-14C), and
therefore, no meaningful kinetic measurements could be made on the latter system. In
another experiment, the kinetics of benzyl group transfer was studied in the para-benzyl-
phenol1-BF3 system. The kinetic measurements were made in sealed glass tubes at 1000C using
a para-benzylphenol to BF3 mole ratio of 6.25/1.0. The two principal reactions which take
place in this system are shown in Figure 3. In agreement with the reaction scheme shown in
Figure 3, the rate of disappearance of the sum of para- and ortho-cresols followed a second
order rate equation. The ratio of the initial reaction rates of reaction la to 1b was found
to be approximately 4.0. In addition to phenol and benzene, significant amounts of diphenyl-
methane and some para-cresol were formed during the latter part of the reaction. Also,
isomerization to ortho-benzylphenol took place as a result of the reverse reactions of la
and 1b.

A more detailed kinetic study of benzyl group transfer was made using the 4-benzyl-
2,6-dimethylphénol/BF3 system. This system was selected for investigation for the following
reasons: (a) In the benzylphenol/BF3 system two parallel major reactions have taken place
giving dibenzylphenol and phenol in one reaction, and hydroxybenzylphenols and benzene in
the other. It was expected that the additional activating effect of the two methyl groups
on the phenolic ring will sufficiently enhance the reactivity of the methylene-aromatic
carbon-carbon bond on the side of the phenolic ring to make the cleavage of that bond the
predominant reaction; (b) The chemical shifts of the benzyl protons and of the 2-methyl
protons of the starting material and of the main products were sufficiently different to
permit the quantitative analysis of the reaction mixture by proton NMR spectrometry. The
chemical shifts of the benzyl -CH2- groups and of the methyl groups in the starting material
and in the products are shown in Table 3.

The reaction which was studied is shown in the following equation:

(CH3)Z(H0)C6H3
BF. k 2.6-dimethylphenol
2 (CH3)2(H0)C6H2-CH2-C6H5 3 "1 .
k1
4-benzy1-2,6-dimethylphenol (CH ) (HO)CSH(CH -CeH )

3,4- d1benzy1 2,6 d1methy1pheno1
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The kinetic measurements were made in CSp solution at 700C using sealed NMR sample
tubes as the reactors. After the completion of the prescribed reaction period each sample
tube was quickly cooled to room temperature and transferred to the NMR spectrometer for
recording the spectra. When a solution of 4-benzyl-2,6-dimethylphenol and BF3 (mole ratio
4.5 to 1.0) was used, the absorption under the methylene peak (3) and the methyl peak (2)
increased from an initial value of zero as the reaction advanced, showing the formation of
3,4-dibenzy1-2,6-dimethy Iphenol. Independent gas chromatographic analysis showed the
formation of an equivalent amount of 2,6-dimethylphenol. Reaction rate constants were
determined for both the forward (ki) and the reverse (k-1) reactions for three different BF3
concentrations. The following correlations were determined:

oy 2
Rate (forward reaction) = kl[BF3][(CH3)2(HO)Cst—CHZ-C6H5]
Rate (reverse reaction) = k_l[BF3][(CH3)2(HO)C6H(CH2—66H5)2]ECH3)2(H0)C6H3]

At 709C and at a concentration of BF3 = 1.0 moles per litre, k1 = 2.6 0.3 x 104

min-1 1it. moles-1 and k-1 = 16.0 + 1.8 x 10-%4 min-1 1it. moles-l. "The benzyl group trans-
fer in this system is clearly a bimolecular substitution reaction where the rate determining
step involves a reaction between a protonated benzyl compound (benzenium ion) and a phenolic
compound or its BF3- complex. There is no indication of the formation of the benzyl cation
in this particular system. It should be noted here that the data obtained on the transfer
of n-propyl groups (Table 2) indicate that, similarly, the main reaction in that transfer
does not involve the formation of the 1-propenium cation. If that were the case, isomeri-
zation to the 2-propenium cation would take place with the predominant formation of iso-
propylphenols. On the other hand, the formation of diaryl-methenium cations was indicated
in model compound studies reported by Franz et al.,{11) who studied the behavior of triaryl-
methanes under depolymerization conditions using both PTSA and phenol-BF3 as the catalyst.

IIT. COMMENTS ON THE CHEMISTRY OF COAL DEPOLYMERIZATION

After reviewing the information on the reactivities of various bridge structures which
may be present in coal, it will be instructive to summarize available data on coal depoly-
merization yields as a function of coal rank. One can attempt then to correlate the product
yields obtained by depolymerization with various structural features of coals over the
coalification range which has been investigated.

?epo]ymerization yields determined with phenol1-BF3 at 100°C are summarized in Table
4,(12 and the yields obtained with phenol-PTSA depolymerization at 1859C are shown in
Figure 4. In the case of the phenol-BF3 catalyst, the phenol-soluble product yield was
the highest (75%) for the lignite. It gradually decreased to about 10% for the low-volatile
bituminous coal, although the low product yield obtained with subbituminous coal does not
fit this correlation. In the case of depolymerization with phenol-PTSA, the pyridine-
soluble product yield was over 90% for coals of 70-84% C content; for coals with higher C
content, the yield dropped sharply and it reached about 10% for a coal with 93% C. Benzene-
ethanol was a more selective solvent than pyridine for fractionating the depolymerization
products obtained with PTSA catalyst: a linear relationship between the yield of the
soluble extract and the carbon content of the starting coal was observed.

_ The following comments can be made with regard to a correlation of the coal depoly-
merization product yields with the relative reactivites of aliphatic carbon and oxygen
bridge structures in coal:

(1) 1In low-rank coals, particularly in lignites, the cleavage of aliphatic ether and
benzyl ether oxygen bonds may contribute significantly to depolymerization. Many
of the aliphatic bridges, which participate in depolymerization, may be linked to
single phenolic rings. The reactivity of an aliphatic structure linked to a
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phenolic ring is sufficient to permit its participation in Egg depolymerization
reaction. On the other hand, spectrometic studies indicate that these coals
do not contain significant amounts of sufficiently reactive condensed aromatic
structures which could participate in depolymerization.

(2) 1In high-volatile bituminous coals (C = 80-84%), the breaking of aliphatic bridges
is seen as the major means of depolymerization. Many of these bridges may be
linked to phenolic rings, others to condensed aromatic rings such as phenanthrene.
Ether oxygen bonds play a less important role because most of these bonds are in
aromatic ethers which do not react with BF3.

(3) In higher rank bituminous coals (C>84%), the depolymerization product yield
decreases sharply with increasing rank. It is probable that this decrease is
related to the nature of the aliphatic bridge structures. It is postulated that
in Tower rank coals a sufficient number of the bridge structures are short ali-
phatic chains (Nc = 1 to 4). On the other hand, in higher rank coals, nearly all
of the bridge structures are condensed hydroaromatic rings; with structures of
this type, several bonds must be broken between two aromatic groups to effect
depolymerization.

(4) Among the aliphatic bridge structures, -CHp- bridges may play a particularly
important role in coal depolymerization. Even if the number of such br1dges is
relatively small, the probability of their cleavage is high because, in general,
both carbon-carbon bonds of the bridge are activated under the reaction conditions
used in coal depolymerization. This view is supported by experimental data
obtained in depolymerization studies made with phenol-BF3 where the yield of
soluble depolymerized products was proporfioga] to the amount of -CHp- bridge
structures found in the soluble products.
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TABLE 3

CHEMICAL SHIFT VALUES OF METHYLENE AND METHYL
PROTONS OF BENZYL DERIVATIVES OF 2,6-DIMETHYLPHENOL

COMPOUND CHEMICAL SHIFT (ppm)*
METHYLENE METHYL

B @ @ w

2,6-DIMETHYLPHENOL --- . --- 2.08 2.08
4-BENZYL-
2,6-DIMETHYLPHENOL ---  3.70 2.03 2.03

3.4-DIBENZYL-
2,6-DIMETHYLPHENOL 3.80 3.70 1.95 2.10

*TETRAMETHYLSILANE = 0.00 ppm

TABLE 4
DEPOLYMERIZATION OF COALS OF DIFFERENT RANKS WITH PHENOL—BF3 AT 100°%

Combined Phenol

Total So]ub]e(a) Content of Soluble
Coal Type C, % dmmf Yield, % Fraction, %
Lignite 70.6 75.2 41.2
SubB 76.7 23.4 32.8
hvab 82.4 47.4 16.3
hvab 85.1 28.8 12.4
hvab 85.8 25.0 13.0
1vb 90.7 9.8 15.5

(a)Coa1-derived part of phenol soluble material
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FIGURE 3.

BF 3-CATALYZED BEN2YL GROUP TRANSFER IN BENZYLPHENOLS

OH OH
BFj3 CH,
2 HO CHy » +
(1a)
CHy
PARA- AND ORTHO- .
BENZYLPHENOL :
OH
-1 CH2
2 HO CH, < > -+ OH
CH,
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FIGURE 3.

BF3-CATALYZED BENZYL GROUP TRANSFER IN BENZYLPHENOLS
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COAL ALKYLATION REACTION. THE CHARACTERISTICS !
OF THE ALKYLATION REACTIONS AND PRODUCTS

Lawrence B. Alemany, C. Indhira Handy and
Leon M. Stock

Department of Chemistry
The University of Chicago ¥z
Chicago, Illinois 60637

INTRODUCTION

Sternberg and his associates found that the treatment of many coals with ‘
alkali metals in the presence of electron transfer agents formed polyanions
which could be alkylated to form compounds which were soluble in common or-
ganic solvents including heptane and benzene (1). More recently, we discussed
the proton and carbon nmr spectra of typical gpc fractions of polybutylated
Illinois No. 6 coal (2). This work revealed that there were significant dif-
ferences in these fractions with variations in the degree of aromaticity, the
ratio of C-butylation to O-butylation, the extent of butylation on aliphatic
and aromatic carbon atoms, and the amount of carbonyl and vinyl derivatives.
In addition, the low molecular weight fractions contained paraffinic hydro-
carbons which presumably were liberated as the coal matrix collapsed. The
results obtained in this work are compatible with the essential features of
the reaction process proposed by Sternberg and his associates (1,2). He sug~
gested that the electron transfer agent, naphthalene, transfers electrons
from the metal to molecular fragments in the coal. Under these conditionms,

Coal + nCy .~ =+ Coal™ + nCj Hg
the aromatic molecules of the coal are reduced, and the basic anions produced
under the experimental conditions react with acidic hydrogen atoms to yield
aryloxides and stable carbanions. Ether cleavage and elimination reactions
also occur under these experimental conditions. In addition, carbon-carbon
bond cleavage reactions take place. Also, carbonyl compounds are reduced to
semiquinones or ketyls. In the presence of sufficient concentrations of solu-
ble electron transfer reagents, an equilibrium mixture of soluble and insolu-
ble polyanions containing carbanions, aryloxides, mercaptides, ketyls, nitro-
geneous bases and so forth is generated. Because few rearrangement reactions
occur under basic conditions the structures of the anionic products are quite
closely related to the structures of the molecular fragments in coal. These
anionic compounds are readily alkylated by primary iodides. However, the
alkylation reaction is complicated by competitive electron transfer reactions
which yield butyl radicals. Thus, the coal alkylation reactions occur by the
reactions of the nucleophilic anionic compounds with the alkyl iodide and by
the reactions of the aromatic hydrocarbon compounds with the butyl radical.
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The rich chemistry of the coal polyanion and the presumably close re-
lationship between the structures of the coal polyanion and the initial coal
molecules prompted us to study the reaction conditions and the reaction pro-
ducts carefully and then to examine the reaction of the coal polyanion with
90%-enriched butyl iodide-1-C-13.

EXPERIMENTAL PART

Materials.~-Successful alkylations require the use of thoroughly puri-
fied reagents in an air and moisture-free environment. The reagents used
in this work were all carefully purified by distillation or recrystallization
shortly before use. The Illinois No. 6 coal samples (Anal.: C, 70.19; H,
5.18; N, 0.62; C1, 0.14; S(pyritic), 0.82; S(sulfate), 0; S(organic), 2.71;
O(by diff.) 11.43; Ash, 8.19) were dried at 100° in vacuo for 16 hrs. Tetra-
hydrofuran was refluxed in a nitrogen atmosphere over lithium aluminum hydride
for 4 hrs prior to distillation from the hydride. The distillate was stored
under argon. Tetrahydrofuran could not be purified as readily by distilla-
tion from potassium. We found that the resonances of vinyl, carboxyl and
other unidentified groups were present in the nmr spectra of concentrated
samples of the distillate when potassium was used as the purification rea-
gent,

Preliminary Experiments.——Initial work centered on the study of the re-
action of potassium with tetrahydrofuran and with naphthalene in tetrahydro-
furan,

Potassium (20 mmol) was added to tetrahydrofuran (50 ml) under argon.
Aliquots free of potassium were withdrawn periodically. These aliquots were
hydrolyzed and titrated to determine the extent of the reduction of the sol-
vent. This reaction was negligible even after 5 days, Figure 1A,

In the next experiment , potassium (20.1 mmol) was added to a stirred
solution of naphthalene (3.10 mmol) in tetrahydrofuran (50 ml) under argon.
The characteristic dark green solution of naphthalene radical anion and di-
anion formed within 4 min. Aliquots free of potassium were withdrawn from
the reaction mixture. These aliquots were hydrolyzed and titrated to de-
termine the extent of conversion of naphthalene to the radical anion and di-
anion. After about 4.5 hrs, the titrimetric procedure revealed that the
naphthalene was converted to a mixture equal in reducing power to 80% di-
anions. The reaction was followed for 5 days. The results are shown in
Figure 1B.

In the third experiment of this series, potassium (20.1 mmol) and naphtha-
lene (3.10 mmol) in tetrahydrofuran (50 ml) were allowed to react for 4.5 hrs.
Coal (0.860g) was then added. The reaction mixture immediately became brown.
During the next several days the reaction mixture changed color as the reac-
tions proceeded. Aliquots free of potassium but containing solid coal parti-
cles were withdrawn from this mixture and titrated to determine the extent of
conversion of the coal to the coal polyanion. In certain instances, aliquots
free of potassium and solid coal particles were withdrawn from the reaction
mixture and titrated to determine the extent of conversion of the solid coal
to soluble anionic substances. The reaction was allowed to proceed for 5 days
at ambient temperature under argon. An aliquot of the mixture was then with-
drawn to establish the extent of the reaction. The results are shown in Fig~~
ure 1C.
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The results obtained in several experiments revealed that 21 + 1 negative
charges per 100 carbon atoms were introduced Iinto the coal.

Coal Alkylation with Butyl Jodide-1-C-13.--Potassium (26.1 mmol) was added
to a stirred solution of naphthalene (3.14 mmole) in tetrahydrofuran (45 ml)
under argon. After 45 min, -325 mesh coal (1.00g) and an additional wash quan~
tity of tetrahydrofuran (10 ml) were added. The mixture was stirred for 5 days.
The excess potassium (2.98 mmol) was removed. A small quantity of insoluble
coal (0.041g) was unavoidably lost in the removal of the metal. A solution of
90%~enriched butyl iodide-1-C-13 (6.88g) in tetrahydrofuran (10 ml) was added
to the stirred solution in 15 min. This quantity corresponds to a 2-fold excess
of the amount of reagent needed for the alkylation of a coal polyanion with 21
negative charges per 100 carbon atoms and naphthalene dianion. Potassium jodide
began to precipitate from the reaction mixture almost immediately. The alkyla-
tion reaction was allowed to proceed for 2 days. Potassium lodide rapidly
settled from the reaction mixture when stirring was interrupted.

The reaction mixture was then exposed to the atmosphere and the coal pro-
duct was isolated. The mixture was centrifuged and the very dark brown, tetra-
hydrofuran-soluble material was removed by pipet. Fresh solvent was added to
the residue and the mixture was stirred. The mixture was then centrifuged and
the soluble material was removed by pipet. This procedure was repeated several
times. The final extracts were clear, pale yellow solutions. The combined ex-
tracts were filtered through a 1.4y frit. The filtrate was concentrated in vacuo
at 50°C to yield a freely flowing, dark brown material (2.252g). Residual vola-
tile materials were removed in several stages in vacuo. The amounts of material
present after 2 hrs were 1.956g; after 16 hrs, 1.678g; after 41 hrs, 1.581lg;
and after 68 hrs, 1.521g. Thils product is dark brown and does not flow.

Water was added to dissolve the potassium iodide present in the tetrahydro-
furan-insoluble material. The mixture was then stirred and subsequently cen-
trifuged to yield a clear,yellow supernatant solution and a small residue. This
residue was treated in the same way several times to extract all the water solu-
ble materials. The final extracts were colorless and did not yield a precipitate
when treated with sodium tetraphenylborate. The residue obtained in this way was
dried in a stream of dry nitrogen to constant weight (0.686g).

The water-soluble material was filtered through a 1.4 frit. An aliquot
of the solution was treated with excess sodium tetraphenylborate. The potassium
tetraphenylborate which precipitated was collected and dried. This analysis in-
dicates that 18.1 meq of potassium ion were formed in the reaction.

The tetrahydrofuran—soluble portion of the butylated, carbon-13 labelled
I1linois No. 6 coal (1.5208g) was chromatographed on silica gel (Baker, 60-200
mesh, 24g) to remove materials such as the electron transfer agent and the re-
lated reduction and alkylation products. These materials were eluted with pure
hexane (about 250 ml) and 5:95 tetrahydrofuran: hexane (about 250 ml). The dried
eluent weighed 0.9967g. The coal products were then eluted with pure tetrahydro-
furan (about 250 ml) followed by 50:50 tetrahydrofuran: methanol (about 250 ml)
and pure methanol (about 250 ml). The dried eluent weighed 0.5350g. The re-
covery was virtually quantitative.

A portion of the coal product (168.1 mg) was dissolved 1in pure tetrahydro-

furan (2 ml) and. chromatographed on Styragel(R) gpc columns (Waters Associates).
Columns with a molecular weight exclusion limit of 10,000 (2 x 61 cm.) and 2,000
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(2 x 61 cm.) were connected in series. Tetrahydrofuran was used as the mobile
phase (0.36 + 0.01 ml min_l). About 30 fractions (3.7 to 3.8 ml) were collected
in each experiment. The tetrahydrofuran was removed in vacuo and a stream of
filtered, dry nitrogen was used to remove the final traces of the solvent. The
coal product obtained with C-13 labelled butyl iodide was partitioned into 17
fractions (total weight 178.4 mg). Samples to be used for nmr spectroscopy were
dried thoroughly at 25° at about 5 torr for 40-45 hrs to remove the remaining
traces of tetrahydrofuran.

The spectroscopic methods used in this study have been described previous-
ly (2).

Other Alkylation Experiments.--In other experiments, lithium and sodium
were used in place of potassium. 1,2-Dimethoxyethane was used in place of
tetrahydrofuran. Butyl chloride, butyl bromide, butyl mesylate, butyl triflate,
and methyl iodide were used in place of butyl iodide. The conditions used in
these experiments were very similar to the conditions used in the procedures
described in the previous paragraphs. The 1solation procedure was modified in
those cases where the ionic salt, e.g. sodium iodide, was soluble in tetrahy-
drofuran. In these instances, the tetrahydrofuran-soluble product was washed
with water to remove the salt prior to further study.

Repetitive Alkylation Reaction.--The tetrahydrofuran-insoluble materials
were, in certaln instances, subjected to a second alkylation reaction. In these
cases, there were three notable differences in the experimental results. First,
the green color of the naphthalene dianion persisted for a significantly longer
time following the addition of the coal residue. Second, gas evolution, pre-
sumably butene-1l, was detectable during the addition of butyl iodide or butyl
mesylate but, significantly, not during the addition of methyl iodide. Third,
the rate of formation of potassium iodide was much more rapid such that the
rate difference between butyl iodide and methyl iodide was not evident.

The reaction products were separated into tetrahydrofuran-soluble and tetra-
hydrofuran-insoluble fractions as already described. The chromatographic separa-
tions and spectroscopic investigations were also performed as described.

RESULTS AND DISCUSSION

The rates of reduction of tetrahydrofuran (A), naphthalene (B), and Illi-
nois No. 6 coal (C) are shown in Figure 1. These preliminary experiments es-
tablished that potassium reacted only very slowly with tetrahydrofuran under
the experimental conditions used for the formation of the coal polyanion.
Naphthalene was rapidly converted to a mixture of anion radicals and dianions
under the same conditions. The initial reaction between the electron transfer
reagent and the Illinois No. 6 coal was quite rapid. However, the reaction
slowed to nearly constant rate after about 12 hours. During the last four
days of reaction the coal molecules acquired about 0.1 negative charges per
100 carbon atoms per hour.

The titrimetric data indicated that the coal polyanions derived from this
coal quite reproducibly had 21 + 1 negative charges per 100 carbon atoms when
potassium was used as the reducing agent. The evidence obtained in the magne-
tic resonance work on the reaction products suggests that these negative charges
reside largely on the oxygen atoms of the phenoxide and alkoxide residues and on
the carbon skeletons of the aromatic fragments of the coal structure.
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Potassium is a much more effective reducing agent than either sodium or
lithium. This feature of the reaction 1s illustrated by the extent of reduc-
tion (measured by the number of negative charges per 100 carbon atoms) and the
extent of alkylation (measured by the number of alkyl groups introduced and
the weight of the reaction products). The results are summarized in Table I.

N
A
TABLE I
THE REDUCTION AND ALKYLATION OF ILLINOIS NO. 6 COAL WITH
LITHIUM, SODIUM, AND POTASSIUM
. . a b A
Reagent Pair Reduction Alkylation
Lithium, Butyl iodide 12.0 12.2 (0.78g)
Sodium, Butyl iodide 12.9 13.2 (1.17g)
Potassium, Butyl 1lodide 19.3 20.1 (1.52g)

aNegative charges acquired per 100 carbon atoms.

bButyl groups introduced per 100 carbon atoms. The weight of tetrahydro-
furan-soluble product obtained from 1.00g of coal.

The reactions of the coal polyanion with methyl iodide and butyl iodide
were compared in tetrahydrofuran. The reaction could be monitored quite readily
by the rate at which potassium iodide precipitated from solution. We estimate
that methyl iodide is about 10-fold more reactive than butyl iodide under these
conditions. This result, of course, suggests that the SN2 reactions of the coal
polyanion are more significant than the electron transfer reactioms. Although
there is a clear distinction in the reaction rate, the extent of the alkylation
reaction is the same for methylation and butylation with about 21 alkyl groups
introduced per 100 carbon atoms. The amount of tetrahydrofuran-soluble alkyla-
tion product is also similar for methylation and butylation under comparable
conditions.

The observations concerning the butyl halides and sulfonates are summarized
in Table II.

TABLE II

ALKYLATION REACTIONS WITH BUTYL DERIVATIVES

Reagent, First Reaction Second, Reaction Total
equivalents Solubility, Residue, © Solubility, Residue,© A

% 8 4 g
BuCl, 2.0 23 1.00 - — -
BuBr, 2.0 51 0.64 —_ _ _—
BuIl, 2.0 62 0.49 74 0.18 79
BuOSOZCH , 2.0 64 0.51 polymer - -

BuOSO,CF,, 2.0  polymer -— - -— -
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aBased on the number of negative charges acquired by the coal.

b

The percentage of the original coal which has been converted to soluble pro-—
duct. The values reported here have been corrected for the extent of the alkyla-
tion reaction.

c
The weight of the tetrahydrofuran-insoluble residue. No correction has
been applied for either alkylation or mineral matter.

The reactions of the potassium coal polyanion with the butylation reagents
differed markedly. Both the percentage of soluble product and the weight of
residue indicate that the reactions of the chloride and the bromide are distinct-
ly less effective than the reactions of the lodide. The butyl sulfonate esters
were much more reactive. In one case, the mere addition of freshly distilled
butyl triflate to tetrahydrofuran at room temperature caused the polymerization
of the solvent. In the other case, the addition of butyl mesylate to the reac-
tion mixture was effective for the production of soluble products in 64% con-
version. However, when the reaction was repeated with the residue, a polymeriza-
tion reaction ensued and a gas, l-butene, was evolved from the reaction mixture.

These observations indicate that butyl iodide is adequately reactive for
the alkylation of the polyanion. This reagent effectively converts more than
90% of the original carbonaceous matter in the coal to soluble alkylation pro-—
ducts. The fact that the reactions of butyl chloride and butyl bromide do not
give similar results suggests very strongly that SN2 reactions rather than elec-
tron transfer reactions are primarily responsible for the production of soluble
materials. This interpretation is based on the fact that the reactivities of
nucleophiles with butyl iodide, bromide, and chloride are in the approximate
order 100:60:1 and that these substitution reactions are all slow relative to
the electron transfer reactions of the butyl halides with anion radicals. To
illustrate, the rate constants for the reactions of primary alkyl iodides with
anion ra?icals of the kind formed under the conditions of these experiments are
about 10’ 2/mole sec (3). The rate constants for the reactions of primary alkyl
iodides with nucleophiles are much smaller, only about 10 £/mole sec in the
fastest processes (4). Thus, we infer that the butyl halides all undergo rapid
electron transfer reactions to produce butyl radicals during the initial stages
of the alkylation process. We also infer that this process 1s less important

BuX + ArH -+ ArH + Bu- + X
Bu- + Coal™ = }?'u-Coal-:n
for the formation of soluble products than the alkylation reactions
Bul + Coal-ArD - Coal-ArOBu + I~
2BuI + Coal-Ar - Coal-Ar(Bu), + 2T
which proceed much more slowly. Indeed, we observed that the precipitation of
potassium iodide from the reaction of butyl iodide with the coal polyanion ap-

peared to be complete only after about 24 hrs. Thus, the much slower reactions
of the polyanion with the other halides would not be complete in 48 hrs.
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In another experiment, we tested the utility of 1,2-dimethoxyethane as a
solvent for the reaction. The results obtained in this experiment revealed
that the coal polyanion was formed to the same extent as in tetrahydrofuran.

In addition, the alkylation of the polyanion with butyl mesylate proceeded to
give 65% soluble product. This datum is comparable with the result for butyla-
tion in tetrahydrofuran, 64%. Hence both solvents are equally useful for the
alkylation reaction.

When we were satisfied that the alkylation reaction could be accomplished
both effectively and reproducibly, we undertook the synthesis of C-13-enriched
butyl iodide. Conventlonal procedures were used to produce the desired com-
pound in 90% isolated yileld using concentrated hydroiodic acid.

Reflux

CHBCHZCHZC(13)H20H + HI 30 mine CHBCHZCHZC(13)H21 + HZO

The coal alkylation reaction was carried out using the enriched compound
and the products were separated using the procedures described in the Experi-
mental Part. The proton and carbon nmr spectra of one fraction (comparable to
fraction 9 in the previous report (2)) are presented in Figures 2 and 3.

The proton nmr spectra of the coal products obtained in this work are quite
similar to the spectra of the products obtained by Sun and Burk and discussed
previously (2). No additional comments on this aspect of the work are necessary.

The carbon nmr spectra, on the other hand, provide much new information
concerning the alkylation reaction. To illustrate, the resonances at §67.7,
72.9, and 64.2 indicate that O-butylation has occurred dominantly on aryloxides
with concomittant butylation on alkoxide and possibly carboxylate fragments.

The broad band of resonances at §35 indicate that C-butylation_is also important
and that butyl groups are bonded to quaternary and tertiary sp” carbon atoms and
possibly to aromatic carbon atoms. These results and the other spectroscopic
data for other fractions enriched in carbon-13 will be discussed.
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DATA

ON 1ML DISTRIBUFLON OF ORGANTY SULFUR FUNCTIONAL GROUPS IN COAL

By: Amir Attar and Francois Dupuis

hepartment of Chemical Engincering, University of Houston, Houston, Texas 77004

1.0 introduction

(oals contain inorganic sulfur compounds, like iron pyrite and gypsum and
organic sulfur, which is bound to thc organic matrix. Detailed reviews of sul-

fur functional groups in coal werc recently published by Attar (1977)(1) and Attar

and Corcoran (1977) (2). The chemistry, the kinetics and the thermodynamics of
recactions of the sulfur were described by Attar (1978) and therefore will not
be reviewed here in detail.

This work had two objectives:

1.

2.

The

to identify and quantify the organic sulfur group functionalities
in different coals, and

to cxamine the implications of these functionalities on potential
desulfurization processes.

main results.are:

The majority of the organic sulfur in high ranked coals, i.e., LVB is
thiophenic while in low ranked coals, i.e. lignites, most of the
organic sulfur is thiolic or sulfidic.

18-25% of the organic sulfur is in the form of aliphatic sulfides in
all coals. ,

Part of the organic thiols are present in the form of ionic thiolates,
presumalily of calcium.

Coals containing mainly thiolic groups can be easily desulfurized.

2.0 Principle of the Mcthod of Analysis

Detailed description of the principle of the method of analysis was pub-
lished by Attar and Dupuis (1978)(4). Therefore only the main points will be
described here.

1.

2.

All the organic sulfur functional groups can be reduced to H,S if a
sutficiently strong reducing agent is used.

Each sulfur group is rcduced at a rate which can be characterlzed by
a unique activation energy and a frequency constant.

If a sample which contains mary sulfur groups is reduced and the tem-
perature is gradually increased, each sulfur group will release H,S
at a different tempcrature given by:

E.
A RT?, L
L ml mi

TN = =

where T, is the temperature of the maximum E; and A; are the activation

energy and the frequency factor, and o is thc 11ncdr rate of temperature

incrcase. The rate of cvolution of H,S from the reduction of the i-th
group can be described by:

au,sl; A B, ART - o
Bt SO § I Sl )
It o [128) 5 expl- g7 e ] (

[
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where [I,S];, is the total amount of H,S that reduction of the i-th
group would releasc. The detailed derivation of the previous equations
was done by Jﬁntgcn (1964) (5), and Juntgen and Van Heek (1968)(6) .

4. The value of Ty; is a characteristic unique to the sulfur functionality
reduced and the area of cach peak is.proportional to the quality of sul-
fur present in the form of the group reduced.

The implication of these discussions is that the area of the peak whose maxi-
mum is at T.; is proportional to the concentration, of sulfur present in the sample
in the ‘form of the i-th group. Therefore, quantitative determinations of the i-th
sulfur group can be accomplished by determining the area of each peak.

3.0 Eerrimental
The experimental system consists of six parts:

1 a reduction cell,

2. a gas fecd and monitoring system,

3. a hydrogen sulfide detector,

4, a rccorder,

5. an integrator, and

6. a temperature programmer.

Figure 1 is a schematic diagram of the experimental system. The coal sample is

placed in the reduction cell with a mixture of solvents catalyst and a reducing

agent. The gas flow rate is then adjusted and the temperature is programmed up.
The ratc of cvolution of H,S is recorded vs. the cell temperature and the signal
of cuach peak is 1ntg5ruted using the integrator. A morc detailed description of
this system was recently published by Attar and Dupu1§ (1978) (4) .

The data described in this paper were derived using an improved version of
the samc experimental system. The following modifications were made:

1. stronger reducing conditions were used in order to obtain more complete
reductions of the organic sulfur,

the sensitivity of the detector was 1mproved and

the cell design was changed and now it is possible to obtain detailed
analysis on a routine basis. '

wo

Figurc 2 shows a typical kinctogram.

4.0 Results and Discussion

The distributions of sulfur functional groups. (DSFG) in four types of solids
are described:

1. sulfur contuining polymers with well characterized sulfur functional
groups,

2. raw coals,

3. treated coals, and

4. iron pyrite.
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The analysis of the DSFG consists of two parts:

1. the qualitative assignment of a peak of a kinetogram to a given chemical
structure, and

2. the determination of the quantity of each sulfur group in the (coal)
sample.

4.1 Qualitative Identification of the Sulfur Groups

Tests of polymers with a known structure were used to identify the tempera-
turc at which each sulfur group releases its sulfur. Four polymers were tested:

1. polyphenelene sulfide (7) as a representative of aromatic sulfides,

2. polythiophene as a representative of thiophenic sul fur,

3. a copolymer produced from cyclohexene and 1,2 cthylene dithiol (7), as
a representative of aliphatic and alicyclic sulfides, and -

4. volcanized natural rubber as a representative of aliphatic sulfides and
disulfides.

All the polymers contained some thiolic sul fur.

The usc of sulfur containing polymers can be used to identify the temperature
region where cach sulfur group is reduced only if two conditions are fulfilled:

1. the rate of the chemical reaction controls the rate of releasc of 11,8
when both coal samples and polymer samples are examined, '

the rate of the reduction of cach sulfur functional group depends only
on the hydrocarbon structurc in its immediate vicinity.

[N}

Table 1 shows the results of tests of the various polymers and thc maximum tempera-
ture for each group.

4.2 Quantitative Analysis of the Concentrations of Sulfur Groups

4.2.1 Recovery of Organic Sulfur

Quantitative analysis can be accomplished provided that all the sulfur present
in the form of cach group is reduced to H,S. It is also assumed that the distribu-
tion does not change during the analysis and that all the H,S released is detected
and determined.

Lach mole of sulfur, when reduced, produces one mole of H,S. Thercfore, the
nunber of moles of H,S formed during the reduction of cach group is proportional
or cqual to the number of moles sulfur present in the sample in that form.

The rccovery of sulfur from model compounds containing aliphatic thiols,
thiophencs and aryl sulfides was 94-99%.

Table 2 shows the results of the quantitation of thc kinetogram of three
samples of 11linois #6 coal with different particle sizes. The two most important
conclusions from thesc tests arc that the rccovery of thiophenes and aromatic sul-
fides depends on the coal particle size used and that to a first order approxima-
tion, the rccovery of other groups is independent of the coal particle size. It
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is conceivable that during the analysis, in the interior of large coal particles,
the sulfur groups can condense and form (graphitized) compounds which are less
amenable to reduction. The strong reducing agent used can penctrate into smaller
coal particles and inhibit the rate of condensation. While aliphatic thiols and
sulfides are reduced at low tcemperature, before condensation commences, the reduc-
tion of thiophenes occur simulteneously with the condensation and therefore in a
large particle thiophenic group could form condensed thiophenes which are less
amenable to reduction.

4.2.2 Recovery of Pyritic Sulfur

Table '3 shows that a very small fraction of the pyritic sulfur is recover-
able when pure crystalline iron pyrite is tested. In all the cases tested, the
recovery never exceeded 1-2%. Somewhat larger recovery is obtained when slow
heating rates or reducing agents with smaller reducing potential are used. When
strong reducing agents are used, a layer of metallic iron is believed to be formed
on the surface of the iron sulfide which prevents diffusion of the reducing species.

Small iron pyrite particles, of the order of 1-10 microns are often reduced
morc effectively than larger particles because they are less crystalline and
often contain more impurities than larger particles.

4.3 Resolution

The evolution of H,S from aliphatic sulfides and from iron pyrits coincides
to the extent that it is almost impossible to resolve the two peaks. However,
since iron pyrite can be determined independently using ASTM D3131, it was pos-
sible to estimate the relative contribution of pyritic sulfur and sulfidic sul fur
to the unresolved pcaks. Somecwhat better resolution was obtainable at slow rates
of heating, however in these cases the overall recovery and the signal to noise
ratio were reduced.

4.4 The Sulfur Distribution in Raw Coals

Table 4 shows the distribution of the various classes of sulfur in five coals
and table 5 shows the distribution of the organic sulfur groups in the .same five
coals. The results shows that the content of thiols is substantially larger in
lignites and HVB coals than in LVB coals. The fraction of aliphatic sulfides is
approximately the same in coals with different ranks and vary around 20% of the
organic sulfur. If it is accepted that all the unrecovered organic sulfur is due
to thiophenes (and aromatic sulfides), then the data indicate clearly that larger
fractions of the organic sulfur is present as thiophenic sulfur in higher rankead
coals than in lower ranked coals. The accepted theory on the hydrocarbon structure
of coal is that higher ranked coals arc more condensed than lower ranked coals. It
should not, thercfore, be surprising that the sulfur groups are also more condensed,
more thiophenic, in higher ranked coals than in lower ranked coals.

The data on the relative amounts of -SH, R-S-R and thiophenic sul fur can be
explained as follows: suppose that most of the organic sulfur is initially
trapped by the organic matrix in the form of thiolic sulfur. Typical "trapping
reactions' are:
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ROH + H,S = RSH + H,0

and
RHC = CHR' + HZS -+ RHzC - CH(SH)R'

buring the coalification, thiols can condense to form sulfides and eventually
aromatic sulfides and thiophenes:

RSH + R'H -+ RS-R' + H,

nSw@

The scquence of the condensation reactions is therefore:

11,5 + RH » RSH - RSR——>L |

S

In other words, the sulfides are an intermediate form which, the sulfur may have
before it is converted to the thiophenic form. Thus, it should not be surprising
that the fractions of sulfidic sulfur is approximately constant since during the
coalification, sulfidic groups are formed from thiolic groups and are consumed

to produce thiophenes. These processes are condensation processes which are
belicved to occur in the structure of coal during coalification.

4.5 The Sulfur Distribution in Treated Coals

Various treatments arc known to be selective to specific sulfur groups. It
was thercfore interesting to examine the kinetogram of treated coals. Three
treatments are described:

1. oxidation with H,0 or HNO,,
2. removal of the alkaline minerals with HCI, and
3. methylation of the coal with methyl iodide.

4.5.1 Oxidation

Mild oxidation of coal with acidic solutions of hydrogen peroxide or nitric
acid dissolves the iron pyrite and converts the thiols to sulfonic acids. Some
organic functional groups oxidize to the corresponding sulfides and sulfones (8).
However, in general, the latter process requires strong oxidizing conditions.

From the analytical point of vicw one might think that it is not important whether
the organic sulfur groups are oxidized or not, since the reducing agent uscd con-
verts them back very rapidly to the non-oxidized form. Thercfore, the results of
the analysis will not differentiate betwecen the rcduced and the oxidized form of

a sulfur group. In other words, oxidation could have been used to remove the inter-
ference from pyrite without much effect on the determination of the other sulfur
groups. However, oxidation appears to increase the rcsistance to masS transport

and thus to reduce the resolution. Figure 3 shows the kinetograms of two coal
samples analyzed for the U.S. Department of Energy. The first is the original

coal, the second is an oxidized sample. The results show that the oxidation did
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| not remove any organic sul fur although the pyritic sulfur was removed. The sig-
' nals are however much less resolved in the oxidized sample than in the raw coal.

Since the oxidation was conducted in an acidic inorganic solution, and because it
¢ is known that sulfonic acids can be hydrolyzed to hydrocarbons and sulfuric acid,
¢ some of the thiols seem to disappear as a rcsult of the oxidation.

i 4.5.2 HCLl Treatment

Dirlute HC1 dissolves the organic and carbonate salts of calcium, magncsium
and iron. Since some H,S can react with basic calcium and iron salts, it was
desired to cxamine the effect of HC1 treatment on the.kinetogram, ‘'Figure 4
shows the kinetograms of raw coal and HCl extracted coal. The most important
difference between the kinetograms is that the second peak due to thiophenols
disappeared and the thiols peak is increased. 1t is plausible that some of tlic
( sul fur which is determined as thiophenolic is indeed thiolic. Thiols can rcact
' with calcium to form calcium thiolates, reduction of which may require larger
activation encrgy than thiols. HCl treatment replaces the calcium with hydro-
gen and converts the thiolates into thiols:

(RSC,]" + HC1 > RSH + ca+2 + 17

4.5.3 Treatment with Methyl Iodide

! Samples of [llinois #6 were treated with methyl iodide, CH;I, and the
products were analyzed using two mcthods: The method of Postovski and Har-
lampovich (9) for thiols and aliphatic sulfides, and using our thermokinetic
method. The results of the analysis are described in table 6. The results show
that only a very small fraction of the organic sulfur is indeed accouvnted for by
the CH,I method and therefore the value of this method as an analytical tooel is
questionable.

The kinetograms of an untreated but demineralized sample and that of a
demineralized sample treated with CHsl are shown in figure 5. The data show
that the methyl iodide treatment results in lower recovery of organic sul fur
and in a change in its distribution. In particular, some of the sulfur which
is originally dectected as aromatic thiol is apparently alkylated and becomes
aromatic sulfide. However, the alkylation must also reduce the rate of mass
transport since the thiophenes and aromatic sulfides are not visible in the
kinetogram of the treated coal.

5.0 Implications to Coal Desulfurization

It is widely rccognized today that coal desulfurization efficiency depends
on the distribution of sulfur in the original coal to pyritic and organic sulfur.
Pyritic sulfur can be removed relatively easily while it is more difficult to re-
move organic sul fur.

Preliminary data show that part of the organic sulfur can be easily
desulfurized. [n particular, it seems that the thiolic sulfur and part of the
sul fidic sulfur can be casily removed. Therefore, the authors suggest coals
may be classified into two groups: coals which can be easily desulfurized, (most
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of their organic sulfur is thiolic) and coals which can not be easily desulfurized
(most sulfur is non-thiolic). Thus, thermokinetic tests can be used to screen
coals and to infer which are best used as feeds for precombustion desul furization.
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Introduction

Coal hydrogenation heavy oil consists of numerous complicated hydrocarbons

and nonhydrocarbon compounds, consequently the elucidation of the chemical !
structure is extremely complicated and time consuming. Thus, the chemical struc-
ture of coal Tiquids have been investigated mainly to the present by means of /

'H- and !3C-NMR techniques or a combination thereof. In other words the techni-
que of mass spectrometry for structural analyses is advantageous to gain infor-
mation of the individual compounds regarding molecular weight and compound types
[1,2]. A combination of dual-packed adsorption 1iquid chromatography (LC) and
gel permeation chromatography (GPC) developed by the Bureau of Mines API project
60 [3] for separation into compound types and further into their molecular size
are appropriate to the sample preparation procedure for mass analyses, because
molecularion coefficient : were assumed to be approximately the same for LC-GPC sub-
fraction inasmuch as they have characteristic compound types and narrow molecular
weight distribution. On the other hand, results of GPC technique which is a

very useful method to clarify complicated mixtures of heavy oil derived from
coal, was compared to the mass results. It can be concluded that both results
from mass and GPC analyses should be used independently to elucidate the chemical
structure of coal liquids.

Experimental

Sample preparation of heavy oil

Hydrogenation reaction of Hiawatha, Utah coal (C: 72.0, H: 5.6, N: 1.7, S:
0.90, 0: 19.8, d.a.f.%) was performed with the condition of 950°F of reaction
temperature and 1800 psi of hydrogen pressure with ZnCly impregnated to coal as
catalyst by an entrained-flow tubular coil reactor of the University of Utah
process [4]. The reaction products were trapped in three reservoirs connected
to the reactor in series and was separated according to their condensability.
Heavy 01l products collected in .the first reservoir nearest to the reacter was
subjected to investigation in this work. Separation procedures to characteristic
materials prior to gaining acid-base-less neutral compounds were described in our
previous reports [5] and also shown in Fig. 1. Neutral heavy oil obtained was
separated subsequently into compound types of saturated hydrocarbons (Fr-P}, mono-
aromatic (Fr-M), diaromatic (Fr-D}, three and more large aromatic rings (Fr-T)
and polyaromatic-polar compounds by means of dual-packed silica alumina adsorp-
tion liquid chromatography modified partially the Bureau of Mines API-60 method,
with an additional solvent of 70% benzene-30% cyclohexane system to obtain sepa-
rately a narrow cut of concentrate of 3 and 4 aromatic ring compounds. Elution
curve of Tiquid chromatography are shown in Fig. 2. Respective type compounds
Fr-M, D and T were separated further by GPC packed Bio-beads $-¥X4 and 8 according
to their respective molecular size into 7 fractions. In Fig. 3, GPC elution curves
for Fr-M, D and T were shown.

Mass spectv¥a were meaSured by Hitachi M-52 GC-MS Spectrometér. Mass spectra
of each series of GPC subfraction for Fr-M, D and T were analyzed with the low
resolution and low ionization voltage method by GC-MS technique for Fr-M-3 to 7

and Fr-D-3 to 7 and by direct insert technique for high molecular fraction of
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Fr-M-1, 2, Fr-D-1, 2 and Fr-T-1 to 7, respectively.

Mass spectrometry was scanned repeatly with 6 or 10 sec. interval times dur-
ing the period of elution from GC column or volatilization of samples introduced
into the ionization chamber and multiple mass spectra of about 50 to 800 for
respective LC-GPC subfraction were measured to obtain the representative gross
mass spectral data for complicated mixtures. Numerous mass spectra were treated
by computer {(Hitachi, HITAC 10 11) for the summing up of these spectra to calcu-
late them as an integrated mass spectra.

Results and Discussion

Each series of LC-GPC subfractions were investigated previously for chemical
characterization by 'H- and '°C-NMR method [6,7] and were elucidated to have
approximatly mono-, di- and tri- and/or tetraaromatic derivatives for Fr-M, D and
T, respectively, as the average structural unit. It was also confirmed that
values of aromaticity for GPC subfractions of individual compound types increase
gradually with the increasing GPC fraction number from 1 to 7 and have also the
largest fa values for Fr-T and the smallest one for Fr-M at the same elution volume
of GPC. From the results described above, the separation effects of LC and GPC
according to compound types and molecular size were assumed to be excellent.
Considering these characteristics for chemical structure, LC-GPC subfraction are
found to be suitable as samples for mass analyses because the molecular ion coef-
ficient is not so large in difference among respective compounds in the same
fraction.

Integral mass spectra of LC-GPC subfraction

On the measurement of mass spectra by means of the low energy ionization
method, species of ion peaks observed were mostly parent ion and isotopic ion
(P+1) and were minor for fragment peaks 1ike (P-1), indicating that the cleavege
of molecules are minor. Although, Fr-D-1 and Fr-T-1 which are the highest mo-
lecular weight in that they have large aliphatic substitution, were observed in
the predominant fragment peak of odd mass number at lower mass range, therefore
the data of these fractions were not included in this report. On the integral
mass spectra of series of LC-GPC subfraction, the average number molecular weight
were calculated from the mass to charge ratios (M/e) for respective parent peaks
and those intensities, and are shown in Fig. 4. By increasing the fraction numbers
of GPC for each compound type series, the molecular weight diminishes progressive-
ly from about 400 or 500 to 200 in proving the satisfactory fractionation of GPC.
In Fig. 4, molecular weight results derived from vapor pressure osmometry were
compared with the results of mass analyses to ensure the accuracy of conventional
methods. The correlation between both are excellent except for a slight deviation
from the theoretical line with the increase in molecular weight.

Compound types of LC-GPC subfraction

Deficiency of hydrogen number for M/e of parent peak can be predicted the
type of compound by assigning the value of z number. Assuming that molecular ion
coefficients are approximately similar, the contents of respective type compound
for GPC fraction 1 or 2 to 7 of Fr-M, D and T were estimated semiquantitatively.
Consequently, hydrocarbon tyeps for Fr-M-1 to 7 were assigned mainly to alkyl-
benzenes (Z=-6), alkylmononaphthenobenzenes (Z=-8) and alkyldinaphthenobenzenes
(Z=-10) and for Fr-D-2 to 7 to alkylnaphthalenes (Z=-12), alkylmonomaphthenonaphth-
lenes (Z=-14) and alkyldinaphthenonaphthalenes (Z=-16) and for Fr-T-2 to 7 to alkyl-
phenanthrene or alkylanthracene (Z=-18), alkylpyrene (Z=-22), alkylcrysene (Z=-24)
and these naphthenologs (Z=-20, -26). Distribution of various compound types for
Fr-M, D and T in summing the contents of respective GPC subfraction 1 to 7 were
shown in Fig. 5.

Alkyl carbon distribution

The same Z values in the integrated mass spectra for individual LC-GPC sub-
fraction were selected to obtain the distribution of alkyl carbon in respective
hydrocarbon types. 1In Fig. 6, the content distribution of molecular weight or
alkyl carbon number on the same Z values were plotted for Fr-M, D and T series.
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These ranges of alkyl carbon numbers move progressively from low to higher ones ’
with 5 to 10 carbon extents in proceeding to GPC fraction 7 to 1 for respective ‘
hydrocarbon types. Therefore, separability of GPC for various hydrocarbon types

was confirmed further by mass analyses as to be divided satisfactorily according

to molecular sized especially by alkyl carbon number on these samples. It can

be seen that Fr-M consists of larger alkyl carbon substitution which reaches 35

carbons for Z=-6 series, indicating a lower aromaticity and decreasing of Z values '
which indicates an increase of naphthene ring, distribution of alkyl carbon de-

crease. On the other hand, alkyl carbon number of Fr-T have a range of 0 to 10 J
indicating a Jower aromaticity which is in agreement with the results from !H-NMR '
structural analyses.

GPC correlation for molecular weight vs elution volume

To predict the molecular weight distribution and chemical structure from
the GPC elution curve, the GPC correlation curve between molecular weight and
elution volume for corresponding structural compounds are necessary. However,
it was very difficult to gain information of these relations because the supply
of reference sample were limited. If the coal liquid itself can be used as a
reference compound for calibration, useful GPC correlation of various compound type
can be obtained. Molecular weight at maximum distribution by difference of alkyl
carbon number for each GPC fraction on respective Z series shown in Fig. 6 were
compared with elution volume for corresponding fraction. The correlation between
the two were shown in Fig. 7. The relationship between the two for respective
Z values on Fr-M, D and T are in fair as GPC correlations.

Molecular weight distribution for whole samples of Fr-M, D and T were con-
structed by summation of peak intensities for parent peak belonging to the same
L series corresponding to all GPC fractions, and were shown with the solid lines
in Fig. 8. On the other hand, GPC elution curves for Fr-M, D and T were cited
again in the same figure for comparison. The results from mass analyses for Fr-
D and T do not include the data of Fr-D-1 and Fr-T-1 because of uncertain results
of mass analyses for these as described previously, therefor a slight discrepancy
were recagnized in the vicinity of high molecular range. Although, considerable
agreement between both derived from different methods are satisfactory.
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STRUCTURAL ANALYSIS OF QUINOLINE EXTRACTS AND HYDROLYSIS
PRODUCTS OF COALS

Koji Ouéhi, Kazuyuki Iwata, Masataka Makabe, Hironori Itoh

Faculty of Engineering, Hokkaido University, Kita 13, Nishi 8,
Sapporo,Japn.060.

The mean structure of coals has been extensively investigated
by X-ray,magnetic susceptibility,gases evolved during carboniza-
tion,IR spectra etc.,and the structural analysis was first deve-
loped by van Krevelen(l)using density and refractive index. Among
these the method which gives the most precise image appears to be
NMR method. However this method is limited in that it can be app-
lied only to soluble material by special solvents. Usually coals
can be dissolved only in part,therefore the results do not repre-
sent the whole coal.

Thus in the present work we tried to increase the solubility
of coals using chemical reaction or strong solvent(quinoline),
which would have the smallest change in the unit structure(clus-
ter unit). The results of structural analysis of the products
with these two methods are in good agreement,although both methods
and their yield are quite different. This means that the structu-
ral image obtained here represents the true mean structure of
coals.

Experiments

1)Coal sample. Vitrinits of 12 coal samples were concentrated
using the sink and float method. Their analytical values are
shown in Table 1.

2)Quinoline extraction. 5g of crushed coal under 100 Tyler mesh
and 100g of purified quinoline were placed in a 500ml autoclave
with a magnetic stirrer and after replacing the atmosphere by
nitrogen this was heated at 350~380°C for l~4hours. After cooling
the products were centrifuged and filtered. The residue was
washed with fresh quinoline and methanol. The filtrate was conce-
ntrated under vacuum and poured into 500ml of 2N HCli,filtered,
washed with hot and cold water and dried.

3)NaOH-alcohol reaction(2). 5g of coal,5g of sodium hydroxide
and 50g of ethyl alcohol were placed in an autoclave of 230ml
with a magnetic stirrer and,after replacing the atmosphere by
nitrogen,this was heated at 300°C or 350°C for 1 hour. After
neutralizing with HCl1 the precipitate was centrifuged,filtered
and dried. The product was then extracted with pyridine by shak-
ing for 10 hours at room temperature.

4)H-NMR. 'H-NMR was recorded in d-quinoline for quinoline extrac-
ts and in d-pyridine for pyridine extracts of NaOH-alcohol reaction
products,using TMS as an internal standard. The concentration was
5% for d-quinoline and 2% for d-pyridine.

Results and Discussion

First the extraction conditions were examined using Indian
Ridge coal and Balmer coal. The results are shown in Table 2.
The effect of temperature from 350 to 375°C,of time from 1 hour
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to 6 hours and of nitrogen pressure from 0.1 MPa to 10 MPa were
examined. The results were in an error range and we adopted a
rather higher temperature for older coals.

The extraction or reaction condition,extraction yield,ultimate
analysis of extracts and their molecular weight are shown in Table
3. Quinoline extraction yield attains maxima in a range of 81~87
$C,but there is some scattering of results even with the same ca-
rbon percent. If we plot the extraction yield vs of raw coals
a linear relationship was seen in a range of 91.5-~81.2%C(Fig 1).
In younger coals it decreases linearly. Teshio coal has an extra-
ction yield of 20.4%,but after hydrolysis with NaOH solution (5N)
at 250°C for 6 hours,the extraction yield increases to 35.9%.
Therefore the ether -linkages appear to be a cause of the decrease
of extraction yield in the younger coal range. In the hydrolysis
reaction associated with partial hydrogenation using NaOH-alcohol
the younger the coals are,the easier the products dissolve in
alcohol. This also means that the younger coals have an abundance
of ether linkages.

The carbon percent of extracts in the younger coal range inc-
reases in comparison with that of raw coals. The quinoline extrac-
tion of NaQOH-alcohol reaction conditions are somewhat severe for
the younger coals and some oxygen containing functional groups
such as carboxyl or hydroxyl groups decompose at those temperatu-
res,which results in a reduction of oxygen content. In the higher
coal rank the analytical values of extracts arenearly the same as
those of the raw coals,although the extraction yield is higher,
which means that there is no change in thier structure except for
some splittings of ether linkages and a slight saturation of aro-
matic rings which took place in the reaction of NaOH-alcohol(3).
In short,the unit structure(or structure of cluster unit)in the
raw coals may be preserved without change in the quinoline extra-
cts or in the pyridine extracts of NaOH-alcohol except for some
changes of functional groups in the younger rank coals.

The results of the structural analysis are shown in Table 4.
In bituminous coals in which the extraction yield of both methods
is nearly 100%,the results show an amazing coincidence in both
methods except for slightly higher values for fa,0al,Calus,alth-
ough the methods are completely different. The higher values for
these indices come from a slight hydrogenation in the NaOH-alcohol
reaction. In the younger rank of coal the difference is somewhat
higher,but in spite of this the coincidence is sufficient to dis-
cuss the rough unit structure,although the extraction yield and
method are quite different. This small difference comes partly
from the difference of extraction yield and partly from the sli-
ght hydrogenation of coal in NaOH-alcohol reaction.When we pursue
the change of structural indices with time at 260°C for Taiheiyo
coal in NaOH-alcohol reaction fa changes from 0.7 at 1 hour to
0.5 at 22hours. The extrapolated value of fa for 0 hour almost
corresponds to that of the quinoline extract. The extrapolated
value of Ra is 1.4 which also coincides well with 1.5 of quino-
line extract. All other indices show the same coincidence. We have
shown these extrapolated values in Table 4.

The results show that the aromatic ring number of the younger
coals is 1~2 with (.5naphthenic ring,that of 80~85%C coal 2~3 with
0.5 naphthene ring and that of 90%C coal 5 with 1 naphthene
ring, The molecular weight per unit structure of younger coals is
160~180,that of 80~85%C coal 200~300 and that of 90%C coal 320~
340.0xygen content per unit structure decreases from younger coals
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to the older coals,but as described before those values in young-

er coals do not represent the true ones. If we take the analytical
values of raw coals,we can obtain the corrected oxygen number per

unit structure,as shown in Table 4.

Refering to the fact that the ether linkages are rich in young-
er coals,we can say that the unit structures consisting of ben-
zene or naphthalene rings with 0.5 naphthenic ring are linked
mainly by the ether linkages and methylene bonds in younger coals.
In bituminous coals the unit structure consisting of 2~5 aromatic
rings and about 1 naphthene rings are linked with each other most-
ly by the methylene bonds. The youngest coal has 2.5~2.8 oxygen
atoms per unit structure.The bituminous coals have about 1 oxygen
atom per unit structure and the highest rank of coal has 0.3.

Appendix

Structural analysis. Hydrogen was divided into the following four
types.Aromatic hydrogen Ha:6~9ppm,hydrogen attachingolcarbon He:
2~5ppm,hydrogen attaching overpg carbon except for terminal methyl
Ha:1.1~2ppm,hydrogen in terminal methyl Hy:0.3~l.1lppm. First 60%
oxygen is assumed to be the hydroxyl group and the hydrogen in
this hydroxyl group was subtracted from the total hydrogen. The
residual hydrogen was distributed in the above four types.

The structural indices was calculated from the following equa-
tions when the molecular weight was not known.

aromaticity,fas= G/M'I/Z'UHEZKM )/H-1/3-(Hvy/H) Mmd

IH/C ratio in hypothetical unsubstituted aromatics,

 Ha/H +1/2- (Ha/H)+0.60/H+2- (0.40+N) /H 4
Haus/Caus= T/H-172- (Wt 1g) /7 H-17 3 (Hs /T )9

o _1/2. (He/H)+0.60/H +2- (0.40+N )/ H
degree of substitution, 0" = 777 (. / H) +0.60/H + Z- (0. 40+N) /H

34

degree of aliphatic substitution,

- 1/2: (He/H) 5
O 2l {177 (e T ¥0 60 I+ 2 (0 40+ N7 OR

. . _ 3
number of aromatic carbon per unit StrUCture’maus_GHaus/Gaus)—l/Z

number of total carBon per unit structure Cus=Caus/fa (6§5)6)
number of aliphatic carbon per unit structure,Calus=Cus-Caus (7)
number of hydroéen per unit structure,|Hus=12Qus-H%/C% (8)
total ring number per unit structure,Rtus=Cus-Hus/2-Caus/2 (9)

aromatic ring number per unit structure,Raus=1/2-(Caus-Haus )+1, 7
(Haus=( Haus/Caus) --Caus) (10)

187




naphthenic ring number per unit structure,Rnus=Rtus-Raus (11)

molecular weight per unit structure,Mol.WT.us=12Cus/C% (12)

(5) is only valid for cata condensed aromatic nuclei. (9) is app-
roximately valid when the degree of polymerization is large.

The absolute values of the number of each type of atoms were
used when the molecular weight was known. In this case (9) was
calculated as follows.

degree of polymerization n=C/Cus(C is the total number of carbon
per molecule) (13)

total number of aromatic carbon per molecule,Ca=Caus-n (14)

total ring number per molecule,Rt=C-H /2+1-Ca/2,(H is total number
of hydrogen per molecule)

(151
total ring number per unit structure,Rtus=Rt/n. (16)
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Table 1. Analysis of sample coals. 2540

ultimate analysis(daf) %

No Name Ash

% C H N S 04iff
1 | Teshio 7.0 71.5 5.8 1.8 - 20.97
2 | Taiheiyo 5.3 77.9 6.3 1.1 0.2 14.5
3 | Akabira 3.9 81.2 6.0 1.7 - 11.1%
4 | Basewater 2.8 83.6 5.6 1.7 0.7 8.4
5 | Miike 8.9 83.9 6.3 1.2 2.1 6.5
6 | Daiyon 2.4 84.0 5.8 2.0 0.8 7.4
7 | New Yubari 2.5 86.7 6.2 1.1 - 6.0%
8 | Indian Ridge 1.5 87.4 5.3 0.9 - 6.4%
9 | Goonyella 1.5 87.9 5.4 1.9 0.6 4.2
10| Balmer 2.5 89.4 5.0 1.4 0.4 3.9
11| Beatrice 0.8 91.5 4.7 1.3 0.6 1.9
12{ Hongei 1.0 93.4 3.7 1.1 0.3 1.5

Table 2. Examination of quinoline extraction yield.

Coal Indian Ridge Balmer
Temperature °C 350 360 370 375 380 380
Time hrs 4 6 1 1 4 4
Pressure MPa 5 0.1 10 0.1 1 10
Extraction yield % 63.0 64.0 61.5 68.0 51.9 50.0

Table 3. Extraction or reaction condition, yield,ultimate

analysis and molecular weight of extracts.

No Rgaci)TempEra— Time Ylfld ultimate analysis % TOleCu—
tiont)jture®C | hr % C a N Ddiffludlcht
1| Qq 350 4 35.92)[ 83.0} 6.2 | 3.6 7.2 -
N 300 1 97.83)1 78.4| 7.8 |1.6 (12.2 755
2] Q 350 4 44.9_[82.9|7.0 |2.1 8.0 -
N 300 1 98.13)] 80.8| 8.1 | 1.3 9.8 870
3l Q 350 1 93.8_|81.8| 5.7 |2.4 [10.1 -
N 300 1 96.93)] 82.6 | 7.2 |1.9 8.3 890
4] q 350 4 69.0 | 83.6| 5.5 [2.2 8.7 -
51 @ 350 4 100.0 | 84.516.2 |1.4 7.9 -
6| Q 350 4 81.0 |82.7|5.8 2.9 8.6 -
71 Q 350 4 97.8_| 85.8 [ 5.7 |1.4 7.1 -
N 350 1 91.13)] 86.8 | 6.4 |1.7 5.1 | 1160
8| q 375 1 68.0_|87.215.2 l1.4 6.2 -
N 350 1 52.43)[ 86.9 6.5 |1.3 5.3 905
9] Q 350 4 93.0 |86.7{5.2 |3.8 4.3 -
10 Q 380 4 51.9 {88.1!5.0 [2.4 4.5 -
1] Q 370 4 41.6 |88.8]4.9 1.7 4.6 -
12] qQ 350 4 1.3 - - - - -

1)Q:quinoline extraction, N:NaOH-alcohol reaction,pyridine
extracts.

2)Hydrolysis product with NaOH solution at 200°C,6hrs.

3)Pyridine extraction yield of NaOH-alcohol reaction products,
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Table 4. Results of structural analysis.
No 1 2 3 4 5
Reactiong Q N Q N N'S Q N Q Q
Ha$ 0.38 {0.11| 0.37] 0.13| - 10.43]0.22} 0.51 | 0.37
Hu % 0.2810.367 0.25{ 0.35} - [0.340.3910.29 | 0.32
Hp$ 0.27 {0.41] 0.32} 0.41 - j0.16 {0.29]0.16 | 0.25
H¥ % 0.06 | 0.12f 0.06f 0.10| - |0.08 |0.10| 0.05 | 0.06
fa 0.75]0.53) 0.71| 0,52 0.70{0.79 |0.63] 0.82 | 0.75
Haus/Caus|0.82 | 1.00| 0.88) 0.97 | 0.90§0.81 |0.89}0.78 | 0.75
o~ 0.47 10.77] 0.43} 0.65 0.45(0.48 {0.54 | 0.41 | 0.46
o-al 0.20 | 0.39| 0.20] 0.40] 0.17{0.20]0.34| 0.17 | 0.23
Cus 12.5 | 11.5] 11.1] 12.3}| 11.5(12.3 |12.4( 13.1 | 16.0
Caus 9.4 6.0y 7.9| 6.4( 8.0( 9.7{ 7.7(10.7 { 12.0
Calus 3.1 5.5 3.2 5.91 3.4} 2.6| 4.6| 2.4 4.0
Rtus 2.3) 1.9 1.6| 1.9} 1.8] 2.3| 2.3 2.5 3.1
Raus 1.8 1.1] 1.5} 1.1} 1.4} 1.9 | 1.4] 2.2 2.5
Rnus | 0.5| 0.9 o0.1] o0.8| 0.4/ 0.4 0.8] 0.4 0.6
Mol.wtusd| 181 | 176| 161| 183 | 181| 180 | 180 | 188 227
Ous? 0.8} 1.4] 0.8 1.1} 2.0| 1.1) 0.9} 1.G 1.1
Ous'4) 2.841 2.5 1.6 1.7 - - - - -
No 6 7 9 10 11
Reactionl)l Q Q N Q N Q Q Q
Ha% 0.39(0.39| 0.26( 0.52(0.28 [ 0.48{0.55 {0.63
Hx % 0.29 [ 0.28] 0.29| 0.26(0.36 | 0.31}/0.27 |0.24
Ha% 0.25(0.25] 0.27f 0.16(0.27 | 0.15/0.15 |0.09
Hr% 0.06 |0.08] 0.11f 0.05/0.09 | 0.06]/0.02 |0.04
fa 0.77 [ 0.80 0.70! 0.84(0.70 | 0.83|0.86 |0.89
Haus/Caus|0.76 | 0.66 | 0.67| 0.65(0.69 | 0.68/0.64 |0.64
o~ 0.48 | 0.43 | 0.53] 0.35[0.45 | 0.42[0.35 |0.29
oal {0.20|0.207 0.33] 0.16]/0.32 § 0.19/0.16 [0.14
Cus 15.0 | 23.4 | 25.7] 23.8(22.2 | 20.1}24.9 |24.1
Caus 11.5 | 18.8 | 17.6] 20.0{15.8 | 16.7[21.4 |21.4
Calus 3.5( 4.6 7.7 3.8{ 6.6 3.4{ 3.5 2.7
Rtus 5.0 4.8 5.7 5.3| 4.9 4.6 5.9 | 5.4
Raus 2.4 4.2 4.0 4.5)1 3.4 3.7 4.9 | 4.9
Rnus 2 0.6 0.6 1.8/ 0.8} 1.5 0.9] 1.0 0.5
Mol.Wtus“| 218 | 328 { 356 | 328 | 307 | 279 | 340 | 326
Ous3) 1.2 1.5 1.1 1.3} 1.0 0.1) 0.4 | 0.3
Qus'4) - - - - - - - -

1)Q:quinoline extraction

N:NaQH-alcohol reaction
2)Molecular weight per unit structure
3)Number of (oxygen atom)diff. per unit structure

4)Corrected number of (oxygen atom)diff. per unit structure

5)Extrapolated values to 0 hour in the time variation
reaction at 260°C.
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Chemical Structures and Reactivities of Coal
as an Organic Natural Product
Clair J. Collins, Hans-Peter Hombach, Ben M. Benjamin
W. H. ﬁoark, Brian Maxwell, and Vernon F. Raaen (1)
Contribution from the Chemistry Division

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

A. The Role of Tetralin in the Pott-Broche Process

It has recently been demonstrated (2) that several bituminous coals and 1lig-
nites are better hydrogen donors than tetralin, a donor which has been employed,
since its use in the Pott-Broche process (3), as the coal chemists' "standard." The
better hydrogen-donating abilities of these various coals were tested toward several
reactions (4?, but that used as the model was the reduction, in a closed tube at
400°, of benzophenone to diphenylmethane:

PhoC=0 + coal  —200°

PhoCH2 + H20

These results naturally raise the question of the role of tetralin, or of the recycle
011 used in its place, during many of the solvent-refined coal processes — particu-
larly since the solid product of such processes often contains no more hydrogen than
the original coal (5). Neavel (6) examined the 1iquefaction of coal in tetralin and
other solvents, using kinetic techniques, and found that donor and nondonor solvents
appear to be equally capable in dispersing the coal after 5 minutes at temperatures
of 400-570°C. Upon prolonged heating in nondonor solvents, the free radicals which
form in the coal are thought to polymerize to higher molecular weight materials,
whereas in the presence of tetralin, these radicals can be trapped by transfer of
hydrogen.

In order to test some of these concepts we carried out several experiments with
carbon-14-labeled compounds. In one of these bibenzyl and toluene-!"“C were heated
at 400° for one hour. There was intermolecular transfer of hydrogen with formation
of toluene and other products, but the reisolated bibenzyl had undergone (to a small
extent) an exchange reaction with toluene as shown by the fact that the reisolated
bibenzyl contained carbon-14:

*
PhCH2CHPh + PhCHs === PhCH2CH2Ph + PhCH;

This exchange reaction must take place through a free-radical mechanism, possibly as
follows:

PhCH,CH,Ph — 2 PhCHz-
*
PhCH - + PhCH3 — PhCHZEHzPh + H-

When the two components — bibenzyl and toluene-!"C — were heated in the presence of
tetralin, however, there was no exchange between the two as shown by the fact that
the reisolated bibenzyl was completely devoid of carbon-14. The reason must 1ie in
the ready ability of tetralin to trap the benzyl radicals before they can react with
toluene:

PhCHz»  + @I) ——>  PhCHs +©O



In several other reactions carried out with I11inois No. 6 coal and labeled sub-
strate (e.g. a-naphthol-u-'"C), the mixtures were heated for up to one hour in
closed tubes at 400°, and benzene was used as a vehicle to ease material transfer.
To our surprise, significant quantities of unlabeled biphenyl were discernible upon
subsequent work-up. Although the yields were not determined, sufficient biphenyl
was formed in one case to allow its isolation and identification by nmr. Through
some as yet unexplained mechanism, a phenyl radical must have been produced, which
then reacted with another benzene molecule to form biphenyl:

O +0 — OO +h

The presence of tetralin, however, inhibits biphenyl formation.

In an effort to determine whether tetralin does more than act as a radical
scavenger during Pott-Broche-like processes, we prepared tetralin-1-!“C (7) and
heated it (1.933 g, 15.82 C; per mole) for one hour with 3.06 g of vitrain (from
IMinois No. 6 coal). The product was extracted with pyridine, and the residue was
treated with THF, plus a mixture of nonradioactive tetralin and naphthalene. The
residue still contained carbon-14 which, on a tetralin basis represents 2.6-2.8% by
weight of the residue. The pyridine soluble fraction also contained carbon-14
representing 1.6% by weight of that fraction (on a tetralin basis). Thus the
tetralin-!*C appears to have undergone a chemical reaction with the coal. We have
previously reported (4) that tetralin and I11inois No. 6 coal when heated at 400°
yield a- and B-methylnaphthalenes, in which the methyl groups undoubtedly have
their origin in the coal.

The role of tetralin during coal conversion, therefore, is 1) to act as a dis-
persion vehicle; 2) to supply hydrogen radicals, when needed, to trap coal radicals,
and 3) in a very minor way to undergo intermolecular reaction with the coal through
making and breaking of C-C (and possibly other) bonds.

B. Reductions of Coal

Two chemical reactions for solubilizing coals have received much attention in
recent years, these are 1) the Friedel Crafts reaction (8-19) and 2) reductions,
either with Tithium in suitable solvents (20-26), or electrolytically with Tithium
salts in ethylenediamine (27-32). Part of the interest in these reactions is
undoubtedly due to the fact that they can be carried out at Tow temperatures.

The chemical changes affected during coal reductions are usually considered to
be breakage of ether and thioether linkages, as well as reduction of aromatic
nuclei. Alkyl groups are not affected (33). The Birch-Hlickel reaction (34) of
aromatic rings to cyclic olefins is well known. It was recently reported (35) that
the use of NaK in mixed ethers as a coal reductant cleaves the alkyl linking groups
(e.g. -CH2-CH,-) between aromatic moieties, and results in an increase in the number
of methyl groups in the reduced product. Oxidation studies (36, 37) have indicated
a high frequency of ethylene connecting 1links in some bituminous coals, as Shown by
the isolation of large quantities of succinic acid. We therefore carried out the
reduction of three model compounds under the conditions reported (37) by Hombach and
Niemann, using glycol ethers as the solvent. The compounds chosen were diphenyl-
methane, bibenzyl, and 1,3-diphenylpropane. Of the three compounds, diphenylmethane
exhibited some, and bibenzyl exhibited considerable C-C splitting in only 20 minutes,
whereas 1,3-diphenylpropane was stable except for traces of toluene and ethylbenzene
(when quenched with propanol-2). The results can be illustrated for bibenzyl, which
was added to the solution (37) of “solvated electrons." The mixture was stirred for
20 minutes, then !*CHs;I was added to the reaction mixture, followed by water and
then pentane. The pentane solution was washed, dried, and subjected to g.c.
analyses with an apparatus fitted with a carbon-14 radicactivity monitor (38). The
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results are shown in Fig. 1. The products were separated on a preparative g.c.
column (39) and identified through their nmr spectra.

Thus, to the methods previously employed for breaking bonds in coal molecules
and thereby lowering their molecular weights, must now be added the use of

"solvated-electrons® for breaking -CH2-CHz- linkages. The mechanism for cleavage
of bibenzyl must be approximately as follows

QML O +e — [ojc“zCHae

@CHZCHZG — @C”z' + ©CH29:

O
PhCHy- + € — > PhCHz:

Toluene results by donation of a proton to a benzyl carbanion from the solvent:

Y +
PhCH,: + H ——> PhCH;

The carbon-14-labeled ethylbenzene is formed by reaction of the benzyl carbanion
with 1“CH,I:

[
PhCHy: + !“CHsI ——— PhCH'CHy +
The other product, 1,2-diphenylpropane is formed in the conventional manner:

-H ©
PhCH,CH, Ph PhCH,CHPh

lHCHa

<]
PhCH,CHPh  + !“CH;I ———>  PhCH,CHPh + 1
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The Effect of Reagent Access in Coal Reactivity

1a,b, P. Choudhuryla, Tom Greene
and E.W. Kuemmerlel?

John W. Larsen la

Department of Chemistry, University of Tennessee
Knoxville, Tennessee 37916

and Oak Ridge National Laboratory, P.0. Box X
Oak Ridge, Temmessee 37830

Hypothesis: The reactivity of bituminous coals under mild conditions is
dominated by the accessibility of the reacting groups in the coal to reagents and
not by the intrinsic reactivity of those groups. Evidence for this hypothesis
will be presented. It is not conclusive evidence, but it is sufficient to warrent
further exploration of this idea.

Bituminous coals contain cross linked, three dimensional macromolecular
networks. Perhaps the best evidence for this comes from experiments in which the
coal is swollen by solvents (1). The weilght increase in several coals which have been
exhaustively extracted with pyridine are shown in Table 1. These coals can be
swollen to about twice their original volume by absorbing solvent. The solvent-
coal interactions responsible for this inkibition are strong enough so that if the
coal "molecules' were not covalently linked together, they would dissolve. The
observed behavior is characteristic of a cross linked macromolecular network (2,3,4).

Coal is a highly porous, insoluble material. An attacking reagent has access
to those parts of the surface of the coal which form the walls of the pores into
which it can diffuse. Any solvent which expands the pore structure will enhance a
coal's reactivity by increasing the surface area accessable to the reagents. One
limitation on coal reactivity is the ability of reagents to penetrate the pore
structure.

However, even ready penetration of the pores only gives access to the surface
of the coal. For complete reaction, the reagent must diffuse into the coal network
and penetrate to the bonds or groups with which it will react. It would seem that
this diffusion process is likely to be very slow, and indeed may limit not only the
rate of reaction but also the number of groups which ultimately react. Some
examples of access limited reactions follow.

Analysis for Phenolic Hydroxyl. Maher and O'Shea (5) measured the phenolic
hydroxyl content of Greta coal (DAF 82.4%C, 6.2%H, 1.7%N, 1.0%S) by titration in
ethylenediamine solvent. They also extracted the coal with various solvents and
measured the OH content of the extract and the residue. The data are shown in
Table 2 and it is obvious that the results with the extracted coals are greater
than that obtained with the whole coal. Precautions were taken to prevent oxida-
tion and the generation of new phenolic OH groups by depolymerization seems
unlikely. An increase in the accessability of OH groups is the most reasonable
explanation.

Friedel-Crafts Acylation. The Friedel-Crafts acylation of coals give products
whose "solubility™ increases with the size of the acyl group (6). These products
are of very high (105-106) molecular weight (7). The proton nmr and 13C nmr of
octanaylated Bruceton coal are shown in Figs. 1 and 2. Peaks due to aromatic pro-
tons are absent from the proton nmr. The peaks due to the methylene ¢ and B to the
carbonyl group are broadened, while the methylene peaks at the terminal end of the
chain show normal line widths. These data can be explained if acylation occurred
at the coal surface and the resulting substance was solubilized, micelle like, by
the interactions of the long chain with the solvent. The aromatic protons would
still be in a solid environment, and their absorption would be too broad to detect.
The motion of the portion of the acyl chain close to the coal surface would be
hindered by close packing, giving rise to broad lines. The other end would have
free motion and normal line widths as observed.
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Heredy-Neuworth Depolymerization, Using currently accepted models for bit-
uminous coal, it is clear that any reaction which cleaves the bonds between aroma-
tic carbons and methylene groups should result in destruction of the coal and the
products of low molecular weight products. The Heredy-Neuworth depolymerization
is one such reaction (8,9). When applied to coal it gives mostly high molecular
weight products, 80% greater than 3000. The colloidal material from a depolymeri-
zation can be further depolymerized if reacted again. The cleavage of these bonds
in model compounds is not a slow reaction. These results can be explained by
postulating limited access of the necessary reagents to the interior of the coal.

There are reactions which produce low molecular weight products from coals.
Heat has ready access to the interior of coal, so pyrolysis would be expected to,
and does, rapidly destroy the network and produce low molecular weight products.
Vigorous reactions, such as oxidation, can chew their way into the coal by cutting
small molecules off of the surface. This requires vigorous, unselective reactions.
The attempts to use mild, selectlve reactions to solubilize coal lead to high
molecular weight products

If the hypothesis stated here is correct, its consequences for coal chemistry
and processing will be enormous. Methods for gaining ready, rapid access to the
interim of the coal network should be sought. The discovery of such methods will
allow rapid, mild processing of coals. If rapid access camnot be obtained, pyroly-
sis may be the necessary first step of any process rapid enough to be commerc1ally
attracted.
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THE PHYSICAL STRUCTURE OF BROWN COAL
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Introduction

The behaviour of coal during processing is determined by its physicochemical
composition and structure. The examination of the coal '"molecule" has been hampered
by the inability to find techniques which measure any meaningful properties of such
large complex structures. Most attacks on the problem have been by means of breaking
down the structure into smaller, more tractable pieces, examining these and inferring
the original structure. With bituminous coals the severity of the treatment needed
to rupture the molecules raises doubts as to the validity of the method. There is
uncertainty even with brown coals which are geologically younger and bear more
resemblance to the molecules of classical organic chemistry. This is reflected,
for instance, in the diversity of models proposed for basic molecular arrangement
(1-5).

Brown coals have the advantage that they can be broken down by the comparatively
gentle treatment of alkali digestion (6) into fragments in the micron and submicron
range. This results in a soluble fraction of humic acids and an insoluble residue,
humins, With Victorian coals it has been found that maximum digestion occurs at pH
13 to give humic acid yields ranging from 15 to 40% of the dry coal mass (7).

This paper reports on a study of digested coal fractions which were subjected
to particle size analysis using sedimentation techniques. For the humins fractions
a gravitational sedimentation technique was adopted while the more finely divided
humic acids required an ultracentrifuge to generate a sufficiently large force field.
The nature of the fragments generated by this technique has resulted in a modified
hypothesis of coal genesis.

Experimental

The coal examined was a sample of medium-light earthy coal from the Yallourn
mine in the Latrobe Valley, Victoria. Its ultimate analysis on a d.a.f. basis was
C 65.6%, H 5.18% and oxygen by differnece 27.95%. A stock sample was prepared by wet
ball milling, followed by further size reduction in a domestic food pulper and was
then stored under water in a closed vessel.

For each test a 15 ml quantity of slurry was mixed with 500 ml quantity of 0.1
M NaOH solution to maintain pH at 13, After digesting overnight the slurry was wet-
screened on a B.S, 350 mesh screen to remove +43 um oversize particles. The under-
flow was then passed through a micropore filter of nominal pore size 1.2 um, The coal
thus been fractionated by particle size into humins (the +43 ym and the -43 ym 4 1.2 um
fractions) and humic acids (~1.2 um fraction).

Some of each of the fractions was acid washed to remove sodium and
reprecipitate the humic acids. A yellow supernatant liquid remained after precipitation
of the humic acids, due to small quantities of fulvic acid. An elemental analysis
was then carried out on the dried solids of each fraction.

Other samples of alkaline slurry were subjected to particle size analysis by
sedimentation. With the -43 ym + 1.2 um fraction this was done in a 50 mm diameter
settling column with a tared pan at the base to continuously record the mass of
sedimented solid. The data was analysed by the method of 0dén (8) and the particle
size distribution (Stokesian diameter) expressed on a mass % basis was calculated.

The humic acid fraction (-1.2 um) which was a dark brown suspension containing
4.7 mg/l of coal did not settle even after standing for six months. This slurry was
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spun in a Beckmann ultracentrifuge with special long tubes to generate high g values.
Alkali-resistant polyallomer tubes were used so that the solids which collected in
the base could be removed in a special guillotine, then dried and weighed. The
heights of suspension charged varied.from 10 to 80 mm and rotational speeds up to v
40 000 rpm were used. The data was again analysed by 0dén's method, modified
according to Brown (9).

Results

A typical output from the sedimentation balance for -%43 um +1.2 um material 7
so shown in Fig. 1. The occurence of distinct peaks indicates that groups of
closely-sized particles are present, the smallest being about 6 um in effective
(Stokesian) diameter. The persistant appearance of the same size groups in all tests
at different pH and with different coal types suggested’ that some fundamental unit
was present., A microscopic examination of the material revealed that cylindrical
rods about 0.9 pm in diameter and 6-8 ym long were common. When the drag
coefficient for such particles was calculated from Lamb's formula for cylinders at
low Reynolds' number (see Prandtl (10)), the terminal setting velocity was the same
as for a spherical particle of about 6 um diameter.

The larger particle sizes could thus be accretions of these basic units and
a number is such agglomerations were noted. The rods were arranged side by side,
close packed in bundles. It appears that the alkali peels these rods from the coal
mass and they subsequently agglomerate in solution, doubling in volume at each
coalescence.

Elemental analyses of the fractions showed the 'rod' fraction (-43 um + 1.2
um) is rich in both hydrogen and carbon compared with the original coal, Fig. 2
although the effect is partly obscured by the oxidation which takes place in alkaline
solution. The same trends appeared in all coal samples tested.

The particle size distribution for the humic acid fraction is depicted in
Fig. 3. No material sedimented out until the most extreme conditions were applied
(40 000 rpm for 24 h), when some lightening of colour at the top of the solution was
observed. The sedimented particles had a Stokesian diameter of around 2 nm, which
means that a particle size gap of three orders of magnitude exists between these and
the next largest particles detected (5 ym). Taking the density of coal substance
to be 1.43 g/cm”, a solid sphere of diameter 2 nm would have a molecular mass of
4,000, If the molecules were rod-shaped, even smaller molecular masses would be
predicted., Literature values of the molecular mass of regenerated humic acids range
between 800 and 20 000 with the values clustering around 1,000 and 10,000 (11,12,13).

Since the humic acid fraction constitutes 30% of the dry coal mass, about
one third of the coal is in the form of small macromolecules, and bound to the coal
structure with bonds weak enough to be disrupted by dilute alkali.

It is of interest to note that the parficle size gap supplies a rational basis
to the traditional German classification scheme of defining humic acid and humins on
the basis of a particle size separation (filtration).

Discussion

The presence of geometrically uniform rods and the absence of particles over
such a wide particle size range have implications for our understanding of coal
chemistry and genesis. The following discussion attempts to harmonise these
observations.

Three explanations have been considered to explain the rods found during this
work. These are that they are:-
i) bacterial remains
ii) plant cell remains
jii) artifacts formed during phase separation in the coalification process.
Since bacteria, including rod-like bacilli are active during the biological digestion

204



per e

-

stage of coalification, remnants of their protoplasm may have been incorporated
into the coal matrix., If this were so, their protein content should result in a
high nitrogen content and the results are listed in Table 1.

TABLE 1.
Nitrogen content (d.a.f.) of Coal Size Fraction
Material | original coal | +43 um “43pum+1,.2pm | -1.2 um
T
Nitrogen content (% daf) | 0.75 0.63 0.78 0.70

Although the nitrogen content of the rod fraction is higher than the others,
it can only be significant if the rods constitute less than about 2% of the total
mass of the -43 um + 1.2 um fraction. Since their concentration appears to be much
greater than this, the hypothesis is unattractive.

The abundance of identifiable cell fragments observed under the microscope
lends weight to the second hypothesis. Cell sizes vary with location in the plant
and remains of coniferous tracheids or other cells would be of the correct size.
The composition of the rod fraction is close to that of lignin and the rods have
been observed peeling off larger woody fragments. The cell remains explanation
must therefore be considered as a possibility in the absence of other information.

The third hypothesis is more.speculative and far-reaching in its implications.
It is generally accepted (1) that the first step in the genesis of coal is the
destruction of cellulose and the degradation of lignin to monomer which either is a
humic acid or polymerises to give humic acids. The polymerisation of these acids
takes place by condensation as indicated by the decrease in acidity with increase in
molecular mass. As the concentration of monomer decreases, a gel point is reached
and a giant network is formed, swollen by the solvent water. As the polymerisation
proceeds further, the network will become cross-linked, resulting in shrinkage and
water exclusion.

Considering macromolecules in surface energy terms, the solubility parameter
has been defined as E %
6 ) [V]

where E is the molar cohesive energy and V is the molar volume. For two polymers
A and B, the materials are compatible if (15),

2
(6A - 6B) < 4,2 kJ/1

If this inequality does not hold phase separation of polymers will occur. The
solubility parameter of coal over a wide range of coal ranks has been measured
(15,17,18) and is plotted in Fig. 4. The value of § falls nearly linearly from 32
to 23 as the carbon content rises from 70 to 89% and rises slowly thereafter. At
89% carbén, polar groups are largely absent and aromatisation has commenced. By
extrapolation back to the 65 -70% carbon range occupied by brown coals, the line is
steep enough such that a difference of only 1% in carbon content is sufficient to
create incompatibility between coal molecules.

A large polymer molecule is able to exist with different parts of the chain
in different phases and an increase in the concentration of the species will
concentrate solvated parts together as well as concentrating the precipitated parts.
With two different polymers e.g. polystyrene and polybutadiene blocks of one will
form within a continuous phase of the other, with domain sizes between 10 and 100 nm
usual. This segregation into phases will be enhanced by the swelling effect of the
remaining polymer.

In the case of coal fermation, woody residues intermingle with condensation
polymers which are swollen by the water-soluble products from the degradation of
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cellulose and lignin. The local changes in carbon content brought about by
condensation polymerisation may be sufficiently large for phase separation to occur
and the rods may be formed from local high-carbon regions, compare Fig. 2. Rod-
shaped inclusions are known to form in materials like polyethylene oxide/poly-
propylene oxide copolymers within certain concentration limits as listed below.

high concentration of A spheres of B dispersed in A
mds " " ” A n
alternate layers of A and B
rods of A disperesed in B

low concentration of A spheres ' " "

In this view rods are precipitates formed from the humic acid groundmass and
represent a further step in the coalification chain.

The revised model of coal structure which emerges from this study envisages
a gel of humic acid molecules swollen by water and incorporating particulates.
These include rods and detrital matter like pollen, cell remains, exinite material
etc. which are held together by the humic acid "glue". The bonds linking this mass
together must te of a homopolar non-regenerable type as rheological studies of
Victorian coals have shown that the bonds are broken by shear action during
mechanical working and do not remake on standing (19). This excludes the hydrogen
bond commonly regarded as the major bond type for brown coal gels, as hydrogen
bonds are known to remake after rupture. It appears that van der Waals type bonds
may hold the structure together. On rupture the water which is liberated on shearing
would be able to attach at the vacant sites and thus prevent the remaking of the
original stronger bonds.

Conclusions

1. Particle size analysis of alkali-digested brown coal provides a useful
insight into coal structure.

2. Victorian coals contain significant quantities of cylindrical rod-shaped
particles, 1 ym in diameter and 6-8 um long, which are high in carbon
and hydrogen.

3. No particles exist in alkali-digested coal solutions between 6 um and 2rm
Stokesian diameter.

4, Brown coal can be regarded as a gel of humic acids which incorporates larger
particles bound by non-regenerable bonds.
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THE ULTRAFINE STRUCTURE OF COAL DETERMINED BY ELECTRON MICROSCOPY

L. A. Harris and C. S. Yust

Metals and Ceramics Division
Oak Ridge National Laboratory 7
Oak Ridge, Tennessee 37830 USA

INTRODUCTION

The technological utilization of coal is dependent upon its physical charac-
teristics as well as its chemistry. The size and spatial distribution of pores;
and the size, distribution, and identity of the submicron size minerals are physical
attributes of particular interest because of their influence in coal conversion '
processes such as liquefaction and gasification. |

The present paper is one of a series in which electron microscope analyses in-
including transmission, scanning transmission, and scanning reflection methods have
been employed in examining bituminous coals (1, 2). These techniques have the ad-
vantage of revealing the microstructures of coal at magnifications substantially
greater than that available with light microscopy. Consequently, a more detailed
direct observation of the pores and submicron minerals within the coal may be
obtained.

EXPERIMENTAL
Sample Selection and Preparation

Samples were selected from two high volatile bituminous coals, namely, Illinois
No. 6 and Eastern Kentucky splint coal from Perry County. The selection of the
above coals was based on the fact that both are of equal rank but of different
lithotypes (i.e. maceral contents), microstrucutures, and geographically separated.
Consequently some evaluation could be made of the variation in microscale features
which could be significant in coal utilization or diagenesis,

Specimens were prepared from the above samples by slicing sections normal to
the bedding and subsequently grinding them into optical thin sections approximately
1015 um thick. The optical sections were removed from the glass slide by acetone
and thinned to electron transparency by ion bombardment (ion milled)., The ion
milling process was performed on fragments approximately 3 mm on edge using argon
gas and a liquid nitrogen cold stage in order to ensure a sample free from thermal
damage. The ion milled samples were fixed to electron microscope grids using silver
conductive paint.

Analytical Methods

Both a high voltage transmission electron microscope (TEM) (1 Mv) and a scanning
transmission electron microscope (STEM) (120 Kv) were used in this study. The STEM
was fitted with an energy dispersion system utilizing a Si(Li) detector. Micro-
chemical analyses of particles as small as 20 nm for elements of atomic number 11 or
greater could be attained by use of the STEM and EDX.

*
Research sponsored by the Division of “Basic Energy Science, U.S. Department of
Energy under contract W-7405-eng-26 with the Union Carbide Corporation,
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RESULTS AND DISCUSSION

Figures 1 and 2 are TEM photomicrographs of specimens from the splint coal
and the Illinois No. 6, respectively. The photomicrographs serve to illustrate
the differences in microstructures between coals of the same rank. In general,
the splint coal contains fragments of exinite, inertinite, and vitrinite closely
compacted together, with the former two macerals making up over 70 volume percent
of the total material. On the other hand, the Illinois No. 6 coal contains large
bands of vitrnite interbedded with inertinite and exinite, where the latter two
macerals combined comprise between 10 and 20 volume percent of the total macerals.

EASTERN KENTUCKY SPLINT COAL

Examination of the microstructure in Figure 1 reveals that the exinitic
material (E) is essentially featureless in electron transmission. This material
however, frequently contains relatively large and irregularly shaped pores (P)}.
Immediately adjacent to the exinite is a region of vitrinite (V), containing
a nearly uniform distribution of fine porosity. The boundary between the exinite
and the vitrinite contains opaque fragments of mineral bearing inertinite as well
as more finely divided inertinitic matter. The coarse porosity associated with
the granular inertinite at the boundary is seen by detailed study to be continuous
with the finer porosity that is observed in the vitrinite. This gradation of
porosity from the inertinite to the vitrinite may be indicative of a transitional
zone between the two macerals. The vitrinite bands observed in this field are
relatively porous and as would be expected in a low density body, the porosity is
highly interconnected.

The porosity associated with the exinitic maceral of the splint coal can be
seen more clearly in Figure 3. The large, irregularly shaped pores often form
distinct tubular channels which extend from the apparent center of the spore exine
to the boundary between the spore and the surrounding inertinite. Commonly, the
channels contain spherical mineral particles, which appear to be associated with
the formation of the channels. Other studies (3) on the interaction of fine
metal particles on graphite surfaces have demonstrated that particulates can catalyze
surface reaction and lead to generation of elongated pores of the type shown here.
The particles in the exinite were identified by means of EDX analyses and selected

‘area diffraction (see inserts in Figure 3) as the mineral aragonite (calcium car-

bonate) which presumably enters the exinite from the granular inertinite that
typically surrounds the spore exines. Usually, the granular inertinite contains an
appreciable amount of mineral matter, primarily as clays.

Previous porosity studies of coal by gas absorption methods (4) reveal a
direct relationship between the fine porosity and the vitrinite content of a coal.
These observations are confirmed by this study for both the splint and Illinois No. 6
coals in as much as all the vitrinite observed by TEM was found to contain large
regions of fine porosity. In Figure 4, a TEM photomicrograph of a vitrinite
fragment in the splint coal, the pore sizes range from approximately 2 nm, to greater
than 20 nm. The smallest pores, some of which may even be less than 2 nm, appear to
be related to connecting channels or irregularly shaped pores that cannot be described
as spherical. Stereo pairs of these vitrinite fragments indicate a connecting network
of pores suggesting high permeability.

TLLINOIS NO. 6 COAL

The granular constitutent shown in the Illinois No. 6 microstructure (Fig. 2)
contains a broad range of interconnecting pores (“v40-50 nm in dia.) which may be
classified as predominantly macropores (<50 um). The exact identity of this
constituent is not clear, however, it is thought to be a mixture of inertinite and
exinite. The microstructure of this coal is dominated by large vitrinite bands
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(V) which are separated by the highly porous regions. Areas of apparently
interconnected fine porosity can be observed in both vitrinite bands {(see arrows),
Also noteworthy in this microstructure are the opaque (OP) fragments that have
been found to contain minerals. The opacity of the mineral regions may be due to
a greater thickness of the face caused by the greater resistance minerals have to
ion milling.

Figure 5 is a TEM photomicrograph of a region of vitrinite in the Illinois
No. 6 coal obtained at higher magnification (50K} in order to perform a more
detailed analysis of the porosity associated with this maceral. Pore dimensions
range from approximately 1 to 10 nm which classifies them as a mixture of micro-
pores (<2 ym) and mesopores (2-50 um). The detection of porosity in the 2
dimensional image becomes more difficult as the specimen thickens. However,
when viewed in 3 dimensions via a stereo pair, the porosity in the thicker regions
remains clear. Three dimensional viewing also reveals that the porosity is ir-
regularly shaped, and is often present as volumes of highly interconnecting pores.
In regions of locally high porosity as is observed in the center of Fig. 5, the
degree of interconnectivity is relatively great whereas in the surrounding region
the pore volumes are largely isolated.

Several vitrinite fragments were found to contain bands of minerals, aligned
parallel to the bedding plane of the coal (Fig. 6). Many of the minerals exhibit
well developed growth habits. A size analysis of the minerals (5) by direct measure-
ment from the TEM photomicrographs reveals that the majority of minerals were
under 30 nm in diameter with the average diameter being approximately 10 nm. Larger
mineral fragments up to 300 nm on an edge were recorded but comprised only a

_ small fraction of the total observable mineral matter. Subsequent analyses of small
angle x-ray scattering (6) (SAXS) from a similar sample of Illinois No. 6 coal
showed a multimodal size distribution (Fig. 7) which essentially confirms the TEM
observations. For example, the peak at 3 nm relates to the fine pores observed
in the vitrinite component whereas the peak at 10 nm fits the average mineral
diameter, and finally the peak at 25 nm accounts for the larger mineral fragment
plus the larger pores observed in the granular constituent.

In addition to the microstructural studies of these two bituminous coals an
effort was also made to do EDX analyses via STEM on microareas of the macerals
in order to obtain data related to the composition of the coal macromolecule.
However, typically, the observation of detectable elements (i.e., of atomic number
11, Na or greater) always correlated with the presence of minerals, €Xcept for
sulfur. These observations, though limited, do suggest that chemical analyses
of coal which report the existence of heavy metals (®>Na) in coal macerals as part
of the organic constituent may be suspect. As witnessed in Fig. 6, the size
range for minerals can be exceedingly small,e.g. less than 2 nm in diameter
thus their detection by standard techniques very improbable.

CONCLUSIONS

) The shape and size of pores in two high volatile bituminous coals of differing
lithotypes have been directly observed by means of transmission electron microscope
(TEM). The distribution of the porosity with respect to their maceral associations
were ascertained as were the sizes and distributions of the micro minerals. The
use of stereo pairs reveals the interconnectivity of the pores in micro volumes
of the macerals indicating a high degree of permeability within those regions.

Thg finest porosity was observed in vitrinite fragments of both coals and
ranged in size from under 2 nm to 20 nm in diameter, with the majority in the smaller
end of the size range. On the other hand, inertinite appears to be the most porous
maceral and typically contains a broad range of pores from 5 through 50 nm. Much




of the inertinite is granular material varying from fine to coarse grained particles
with the former corresponding to micrinite.

Finally, the least porous maceral is exinite which generally appears as a
featureless material except for the presence of irregular and tubular pores thought
to be initiated by the catalytic action of minerals. The intimate relationship
between exinite and inertinite such as exists in durains, where the inertinite
contains large amounts of fine mineral matter, may therfore promote the generation
of porosity in exinites.
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Fig. 3. TEM of Tubular and Irregular Pores in Exinite Showing the Location
(See Arrows) and Identity (See Insets) of Spherical Particles.

Fig. 4. Fine Porosity Observed in Vitrinite Fragment in Splint Coal by TEM.
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Fig. 5. Fine Porosity Observed in Vitrinite Fragment of I11inois No. 6 Coal by TEM.

Fig. 6. TEM of Vitrinite of I1linois No. 6 Showing Bands of Minerials.
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CHARACTERIZATION OF IRON BEARING MINERALS IN COAL
Pedro A. Montano

Department of Physics, West Virginia University, Morgantown, WV 26506

Introduction

Due to the importance of coal as a major source of energy and the environmertal
hazards involved in its use, considerable research has become necessary in order to
a) fully understand the different compounds appearing in the coal and their trans- /
formation during processing; and b) know how those compounds contribute to the
pollution of the environment, i.e., acidity of water streams near the coal mines
and pollution by power plants. Some positive properties can be associated with the
mineral matter in coal. For example, recently several researchers have shown that
the mineral matter in the coal may play an important role in the liquefacfion process '
(1). o0f all the minerals in the coal, the iron bearing minerals seem to he the '
most important. TIn most coal utilization techniques the coal is used as raw mate-
rial, and as a result both the organic and inorganic components may be critical in
the acceptance or rejection of a coal for a particular process. Owing to the great
importance of iron as a major constituent of tHe mineral matter in many coals the
Moessbauer effect becomes a powerful tool in the characterization of the iron bear-
ing minerals. .

e —— S— ——

The most common use of the Moessbauer effect in mineralogy and geology has been
the determination of the oxidation states of iron in various minerals (2). The
study of the Moessbauer spectral area also gives valuable information on the concen-
tration of the different minerals in rocks (2). Recently the Moessbauer effect was
applied to the study of iron bearing minerals in coal and to determine the amount
of pyritic sulfur (3,4,5).

In wvhat follows the application of Moessbauer spectroscopy (57Fe) to determine
the iron bearing minerals will be described and a critical view of the advantages
and disadvantages of the technique will be presented. In this study more than 200
coal samples were investigated and more than 2000 Moessbauer runs were catrried out
on those samples. Before going into the experimental results, a brief description
of the Moessbauer parameters which give the necessary information to determine the
compounds seems appropriate.

Moessbauer Parameters

Isomer Shift (IS): The shift observed in the Moessbauer lines with respect to
zero velocity is produced by the electrostatic interaction of the nuclear and s-
electrons charge distributions. It is given in the non-relativistic approximation
by (6) :

2m 2 2 2 2 2
= - - 0 1
15 = L ze? (R Ryg® ) v @I - v IR )

ex source

The IS gives valuable and unique information on the valence states of iron, in
special for high spin Fe?t and Fedt.

Besides the IS there exists a shift of the Moessbauer lines due to the second
order Doppler effect (7). This shift is given by
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where <v2>_ is the thermal average of the square of the velocity of the Moessbauer
atom in thé solid. It is a parameter that strongly depends on the lattice dynamical
properties of the solid.

The hyperfine interactions affecting the Moessbauer effect are the quadrupole
and magnetic interactions (2). The quadrupole interaction exists when the electrons
and/or the neighboring atoms produce an inhomogeneous electric field at the nucleus,
and when the nucleus possesses a quadrupole moment, Q. This interaction produces
a splitting of the Moessbauer lines for 5’Fe given by (2)

AEQ = Hequ (1 + n2/3)H 3)

where q is the electric field gradient, and n the asymmetry parameter. When q arises
from the electrons of the Moessbauer atom, the temperature dependence of the QS is

.very pronounced, like in high spin Fe? compounds. This temperature dependence is

very useful in the identification of the electronic ground state of the ion.

The hyperfine magnetic interaction arises from the interaction of the nuclear
magnetic dipole moment with a magnetic field due to the atom's own electrons. In
many cases Moessbauer studies at low temperatures are necessary to fully characterize
a compound. In such cases one usually applies an external magnetic field. This
technique is particularly useful for the study of the electronic ground state of
iron ions in minerals (8,9).

A very important Moessbauer parameter is the Debye—Waller'factor (DWF). The DWF
depends on the temprature and is given in the harmonic approximation by (2)

DWF = exp (-k$<x2>T) 4)

where <x2>_ is the mean square displacement of the atom along the direction of the
y-ray emission. The DWF is frequently evaluated in Moessbauer spectroscopy using
an effective Debye model. The DWF can be different for the same compound if the
particle size is very small. One has to be aware of this problem when using the
Moessbauer effect as a quantitative analytical tool.

The Moessbauer effect can be used not only for the identification of mineral
species, but also for a quantitative analysis of the mineral contents. The Moess~
bauer spectral area is given for a single line source and absorber by (10) ,

© n+l
a=pler 17 D 7 Qo3 on 5)
_ sayz _, ™ Zn=2) 17
p=1-B/N (=) t=n_o f_

where B = background (non-Moessbauer radiation); N(=) = counting rate at infinity
velocity; I' = full width of half-height of the absorption line; fafs = DWF of
absorber ang source; ¢_ = absorption cross-section at resonance; n_ = number

of Moessbauer atoms per square centimeter. The above formula has to be corrected
for lines splitted by hyperfine interactions (11). When using the Moessbauer effect
as a quantitative analytical tool, care must be taken that B, f_and f_are known.

A discussion on the quantitative method of analysis will be given at the end of

the paper.
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Experimental Procedures

The coal samples used in this work were collected following strictly ASTM pro-
cedure D2013-72. The samples were mounted in lucite containers that were hermetical-
ly sealed. Pressed pellets of the grinded coal were also used as samples. The
average surface densities of the samples used were between 150 to 300 mg/cmz. J
Several samples from the same seam were analyzed ih order to check for consistency
of the results. Some runs were carried out on raw coals (not grinded) as well, for
testing purposes. The bulk of the samples used in this study were from West Virginia
coals. The Moessbauer spectrometer used in this work was a conventional constant
acceleration spectrometer. A 50mC 57Co:Pd source was used. The Moessbauer spectra
were analyzed using a non-linear least-square fit program and assuming Lorentzian
lineshapes. The measurements covered a wide temperature range. Many runs were /
carried out at low temperatures (4.2 K) and in the presence of an external magnetic
field (40 kOe). The velocity calibration is given with respect to a-Fe at room '
temperature {RT).

Experimental Results and Discussion

The different iron bearing minerals detected in coal using Moessbauer spectros—.
copy are classified below according to their major groups, i.e., sulfides, clays,
carbonates, and sulfates.

Sulfides: 1Iron disulfide (pyrite) is the most important of the iron bearing minerals
in coal. In pyrite the iron ion is in the low spin configuration, Fell.
The six d-electrons are occupying the T2 ground state and no magnetic moment is
present at the iron site (8). 1In pyrité®each cation has a distorted octahedral co-
ordination of six nearest neighbors sulfur, the octahedron being slightly compressed
along one of the axis. Consequently, the crystalline field at the iron site is low-
er than cubic and an electric field gradient exists at the 57Fe nucleus, producing
a characteristic QS in the Moessbauer spectrum.

There is a metastable phase of FeS,, marcasite, which is the orthorhombic di-
morph of pyrite and appears also in several coals. Marcasite has slightly different
IS and QS (Table 1). When the amount of marcasite in coal is more than 20% of the
total iron disulfide content its detection using Moessbauer spectroscopy is pos-
sible. 1In general, petrographical techniques seem to be more appropriate for
identification of marcasite (at least for qualitative measurements). In table 1
a list of the different iron sulfides and their respective Moessbauer parameters
is given.

A typical spectrum of a coal is given in figure 1. The sample has been treated
with HCl (following ASTM standard D-2492) to get rid of the non-pyritic iron (sul-
fates). The spectrum is typical of pyrite. All the ca. 2000 spectra run in this
work show the presence of pyrite (contents ranging between 7 to 0.1%). While
studying several coal macerals a new Moessbauer spectrum associated with pyrite was
observed in three different samples (9) rich in framboidal pyrite. The extra Moess-
bauer doublet showed the same magnetic behavior as pyrite (low spin). However, its
Moessbauer parameters are different and the IS suggests a smaller electronic den-
sity at the nucleus than for FeS;. The low temperature measurements indicate that
the spectrum cannot be associated with any of the other minerals. It is possible
that this phase is highly disordered (or "amorphous") FeS,.

Other iron sulfides are produced during coal processing. They are mainly
pyrrhotites. For compositions varying between FeS (troilite) and Fe;Sg(monoclinic
pyrrhotite), the compounds are referred to generally as pyrrhotites (12). The
Moessbauer spectrum of iron pyrrhotites can be observed in the coal liquefaction
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mineral residue. The study of these pyrrhotites is of considerable importance due
to their potential use as disposable catalysts in coal liquefaction (1). It is to
be noted that the presence of pyrrhotites was observed in some severely "weathered"
coal. 1In studies carried out under a reducing hydrogen atmosphere (between RT and
400°C) the conversion of all the pyrite to pyrrhotites was observed.

Clay minerals: Clay minerals represent a large percentage of the inorganic mineral

content in coal. TIllite, kaolinite and mixed clays are the major
clay minerals present in coal. The crystal structures of the clay minerals are
basically derived from two types of sheets. A tetrahedral sheet typically made of
Si0Oy units, and an octahedral sheet typicilly made_of Al (0, OH)g units (13). The
ideal formula, i.e., for kaolinite is A123 Sizu 052 (OH)y , but as in all clay
minerals, a certain maount of cation substitution is possible. 1In mica and its
derived clay minerals, illites, the octahedral sheet containi only A13 , but in the
tetrahedral sites one quarter of the Si% is replaced by A137. The net negative
charge of the layer is balanced by interlayer alkali cations which also bond the
layers together. The interlayer in montmorillonite or vermiculite is occupied by
H,0 and/or cations, whereas in chlorite there is a complete sheet of aluminum (mag-
nesium) hydroxide, the brucite sheet. Continuous ranges of chemical composition are
often possible between the different clays and there is a great variety of mixed
layer structures. Iron can be substituted in the octahedral layer in its high-spin
ferrous and ferric forms, and occasionally in the tetrahedral layer. However, the
iron concentration in clays is relatively small (a few % by weight) for kaolinite
and illite, the most frequently found clays in coal (14).

In general the clays appearing in the coal show slightly different Moessbauer
parameters than pure clays. The usual method utilized to identify the clay minerals
in coal is X-ray diffraction of the LTA, but due to the poor crystallinity of the
clays in the coal the technique cannot be used for quantitative measurements. The
Moessbauer effect is not much of an improvement due to the small iron content of
the clays. A coal rich in clays is shown in figure 2 (about 10% mineral matter).
The appearance of two peaks at higher velocity is not due to the presence of two
sites in the clay or to two different clays, it is produced by szomolnokite. By
treating the sample with HCl, the sulfate was washed away and the clay (possibly
illite) could be clearly seen (Figure 3). Treating the coal with HNO3 dissolves
the pyritic iron and the spectrum of the clays can be detected more clearly.
Figure 4 shows the Pittsburgh coal (230 mesh) shown in Fig. 1 after treatment with
HNO3. The spectrum (notice the smaller effect) is identified as that of kaolinite
(a small QS is detectable).

In general, to study the clays in coal one should treat the samples as describ-
ed above, or run the experiments at low temperatures in order to resolve the over-
lapping lines (measurements in an external magnetic field become necessary) (8,9).
Moessbauer parameters for the principal clay minerals, pure and as they appear in
coal, are given in table 1.

Sulfates: The iron sulfates were detected in more than 90% of the coal samples

studied. The sulfates are considered to be produced by 'weathering" of
the coal. The amounts detected in this study ranged from 0.2 to 0.005% of total
weight.

The standard technique used for detection of sulfates is X-ray diffraction of
the LTA. Nevertheless, we have observed that in some cases sulfates are present in
the coal and the X-ray does not show any line attributable to them (15). The most
abundant divalent iron sulfate observed in the coals studied is FeSOy°Hy0 (szomol-
nokite), a monoclinic crystal with a tetramolecular unit cell (16). This compound



orders antiferromagnetically around 10K with an effective interval field of 359 kOe
(9). oOther sulfate minerals found less frequently are FeSO,*4Hy0 (rozenite), and
FeS0y, *7HpO (melanterite); anhydrous ferrous sulfate was detected when the coal was
stored under vacuum. The ferric sulfates commonly observed in several coals are
coquimbite and jarosites.

A word of caution concerning the presence of trivalent sulfates in the coal is
appropriate here. These sulfates have in general lines which overlap with the Moess~
bauer pyrite lines. The result is the detection of a slightly asymmetric pyrite
spectrum. If one treats the samples with HCl it will appear as if some of the pyrite
has dissolved in HC1l, but this is of course not true, and is the result of the pre-
sence of the iron sulfates. The ferric sulfates are easily distinguishable from
pyrite. When Moessbauer measurements are carried out at 4,.2K in the presence of a
large external field, the characteristic hyperfine field of Fe3t is detected (about
500 kOe). It was observed also that many of the ferric sulfates are formed during
LTA (3).

In figure 5 a Moessbauer spectrum for a mixture of szomolnokite (A) and rozenite
(B) is shown. The sample was characterized by X-ray diffraction as well as Moess-
bauer spectroscopy. After LTA (17) the Moessbauer spectrum shows the presence of
szomolnokite (no rozenite) and ferric sulfate. This was observed for all the runs
carried on the coal samples studied. In table 1 a list of the iron sulfates and
their respective Moessbauer parameters is given.

Carbonates: The Moessbauer spectra of some of the coal samples show the presence of
FeCOy (siderite). Siderite has a rhombohedral structure with an octahedron of
oxygens around the iron with a small trigonal distortion along the c-axis. Siderite
is magnetically ordered at low temperatures (T _ = 38K) with a very distinctive
Moessbauer spectrum (18). During the study it was observed on several occasions
that a Moessbauer spectrum appeared to be that of FeCOz; however, by carrying out
low temperature measurements the presence of either clay or ankerite was inferred.
Ankerite [Ca(FeMg) (CO3),] is another carbonate that appears in some coals. It is
nearly impossible to distinguish ankerite from siderite using Moessbauer spectros-
copy at room temperature (RT). One has to carry out low temperature measurements.
In table 1 the relevant Moessbauer parameters are given for the iron carbonates
observed in coal. 1In all the measurements no more than 0.1% siderite by weight

was detected.

Other minerals: In this work no other minerals were detected using Moessbauer spec—
troscopy, except the ones mentioned above. However, in heavily
weathered coals and coal refuse the presence of iron oxides(hematite and to a lesser
extent magnetite) were observed. Pyrrhotite was also detectable in some of the
heavily weathered coals. Other minerals like spharelite, chalcopyrite and arseno-
pyrite were not detectable in these experiments. Some of the latter minerals have
been identified using scanmning electron microscopy, but their presence in the coal
is too small to make their contribution to the Moessbauer spectrum significant.
Other sulfides like Fe3S, or FepS3 (19) were not detectable in any of the samples
at RT or 4.2K. No evidence of organically bound iron in coal was found for all the
studied samples (20).

Moessbauer Spectroscopy as a Tool for Quantitative Determination of Pyritic Sulfur

The use of Moessbauer spectroscopy to determine the amount of iron in a sample
presents several serious problems to the experimentalist. One has to know the
Debye-Waller factor of pyrite and the background radiation accurately. The DWF of
FeS; can be determined from the temperature dependence of the spectral area for pure
crystals of known thicknesses. However, in many coals pyrite is highly dispersed

222




and form very small particles which have low crystallinity; consequently, the DWF
might differ considerably from that of large FeS; crystals. Also, a very important
source of error is the determination of the non-resonant radiation background. In
all the runs carried out in this study it was observed that variations of 10 to

30% occur in background counting rates for samples of coals with the same weight per
unit area. The differences are due to the heterogeneity of the mineral composition
of the coals. Both photoelectric scattering (mainly by the 14.4 keV) and Compton
scattering of the high energy y-rays contribute to the background radiation. This,
of course, indicates that a full analysis of the y-ray spectrum for each sample is
necessary. Any use of standards to determine the amount of pyritic sulfur will have
to take into consideration the problems mentioned above (5). The use of Moessbauer
spectroscopy for quantitative analysis has to go hand in hand with the standard
chemical procedures (ASTM D 2492-68), as a complementary technique and not as a
substitute. In general, the most accurate Moessbauer quantitative measurement will
give an error of about 10%.

Conclusions

The Moessbauer effect has been used as an analytical tool to characterize the dif-
ferent iron bearing minerals in coal. It has been pointed out that by the use of
low temperature measurements (in the presence of a large external magnetic field)
and treatment of the coal samples all the iron bearing minerals can be correctly
identified. The use of Moessbauer spectroscopy as a quantitative analytical tool
presents several experimental difficulties. It is recommended that this spectros-
copy be used as a complement to and not as a substitute for the standard techniques.
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FIGURE 1. Moessbauer spectrum of a Pittsburgh coal (RT) after treatment with
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FIGURE 2. Moessbauer spectrum of a Waynesburg coal
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